Wave behaviour in vertical multiphase flow by Zhao, Yujie
  
 
Wave Behaviour  
In  
Vertical Multiphase Flow 
 
 
 
YuJie ZHAO 
 
 
Thesis submitted for the degree of 
Doctor of Philosophy of the  
Imperial College London 
 
 
Department of Chemical Engineering and Chemical Technology 
Imperial College London 
 
December 2014 
 
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my parents:  
 
Sir Isaac Newton once said ‘If I have seen further, it is by 
standing upon the shoulders of giants’, I thank you for your sacrifices, your 
strength and for giving me the privilege to stand upon your shoulders. 
 
  
2 
 
ABSTRACT 
 
The work described in this thesis was aimed at developing the understanding of two regimes 
in vertical gas-liquid flow in tubes, namely annular flow and churn flow. In annular flow, 
there is a continuous gas passage at the centre of the pipe with a film of liquid travelling 
upwards at the wall. Part of the liquid phase in annular flow may be entrained as droplets in 
the core gas flow. In churn flow there is also a gas core (which the present work has shown to 
be continuous) and a liquid film; however, the flow direction of the liquid in this film varies 
with time. Thus, the liquid flows upwards in large waves on the surface of the film; between 
the waves, the film may change direction and flow downwards towards the next wave. Such 
flows are extremely complex and there are aspects of their behaviour which are poorly 
understood. In the work described in this thesis, several areas have been studied  
 
Disturbance waves are of central importance in annular flows. Such waves are characterised 
by their large amplitudes relative to the mean film thickness, their high translation velocities 
relative to the mean film speed, and their circumferential coherence (i.e. their “ring-like” 
structure when fully developed). An important part of the present work was concerned with 
the existence, development and translation of disturbance waves in upwards, gas-liquid 
annular flows. At very low liquid flow rates, disturbance waves are not formed (and, as other 
work has shown, the entrainment of droplets from the liquid film is negligible). In the present 
work, multiple conductance probe units have been employed to study the growth and 
development of disturbance waves. From the results, it is found that disturbance waves begin 
to appear and to start to achieve their circumferential coherence from lengths as short as 5 – 
10 pipe diameters downstream of the liquid injection location; this coherence gradually 
strengthens with increasing distance from the inlet. It is further shown that the spectral 
content of the entire interfacial wave activity shifts to lower frequencies with increasing axial 
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distance from the inlet, with the peak frequency levelling off after approximately 20 pipe 
diameters. Interestingly, on the other hand, the frequency of occurrence of the disturbance 
waves first increases away from the inlet as these waves form, reaches a maximum at a length 
between 7.5 and 15 pipe diameters depending on the flow conditions, and then decreases 
again. This trend becomes increasingly evident at higher gas and/or liquid flow-rates. Both 
wave frequency measures increase monotonically at higher gas and/or liquid flowrates.  
 
Important evidence regarding the mechanisms of disturbance waves and the associated 
droplet entrainment can be obtained by the axial view photography technique. This technique 
is described in Chapters 3 and 6. The technique was used to visualise the wave characteristics, 
in particular of the two entrainment mechanisms (bag break up and ligament break up 
mechanisms) proposed previously by Azzopardi (1983). The axial view photography 
technique provided visual evidence for the existence of the two mechanisms, although in 
contrast to Azzopardi’s findings, both break up mechanisms were observed to occur 
simultaneously. The axial view photography technique was also used in the present work to 
provide further insights into the inception of disturbance waves. It was found that the 
initiation mechanism for disturbance waves was the occurrence of a disturbance at a given 
location around the tube periphery. This is consistent with the idea of a link between turbulent 
burst phenomena and disturbance waves first proposed by Azzopardi and Martin (1986). The 
initial disturbance links up with similar disturbances to ultimately form the characteristic ring-
like structure characteristic of fully developed disturbance waves.   
 
In churn flow the present work concentrated on three aspects: The use of axial view 
photography to explore the continuity of the gas core in churn flow. The development (in 
collaboration with two other research students – Deng Peng and Masroor Ahmad) of a 
correlation for entrainment rate and hence entrained fraction in churn flow. Measurements of 
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pressure gradient and holdup in churn flow, from which an average wall shear stress can be 
deduced.  
 
In the first task, it was shown (it is believed for the first time) that there is a continuous path 
for the gas phase near the tube axis. In churn flow the behaviour of entrained fraction is 
extremely complex and conventional methods for measuring it are no longer valid. Barbosa et 
al (2002) studied entrainment in churn flow using iso-kinetic sampling probes and the 
correlation referred to above was based on this data. The correlation has been widely used in 
predicting the entrained fraction at the transition between churn and annular flow.  
 
Since the direction of flow of the liquid film near the channel wall fluctuates, it is difficult to 
estimate the instantaneous value of wall shear stress. However, if measurements are made of 
total pressure gradient and liquid holdup, then the mean value of wall shear stress can be 
estimated. This procedure was pursued by Govan (1990) who used mechanically operated 
quick-closing valves to measure holdup. In the current work, a new measurement technique 
was utilised, namely quick closing pinch valve which offer a great accuracy and are easy to 
install.  Pressure gradient and hold up data were collected over a wide range of gas and 
liquid flowrate. An averaged wall shear stress was then calculated based on these 
measurements. At higher liquid mass flow rates, the results were in good qualitative 
agreement with those of Govan (1990) but (at lower mass fluxes) anomalies occur which need 
further investigation.  
 
Keywords: gas-liquid flow; vertical annular flow; film thickness; wave frequency; coherence; 
disturbance waves; churn flow; entrainment rate; wall shear stress; axial view photography 
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NOMENCLATURE 
 
Roman 
 
A Area (m2) 
C Scaling constant (Hall Taylor et al. 2014 used C = 0.13 m-1/2) 
c Concentration of droplets in gas core (kg/m3) 
𝑐 Specific conductivity (S/m) 
D, d Diameter (m) 
D Rate of deposition. D = kc 
E Entrainment per unit channel surface 
𝑒𝑂𝐴% Entrainment fraction 
h Dimensionless film thickness 
G Measured conductance across the probe (S) 
G Mass flux referred to the full cross-section of the pipe 
𝐺∗ Dimensionless admittance, 𝐺∗ =
𝐺
𝑐(𝑑2−𝑑1)
 
g Acceleration due to gravity (m/s2)  
ℎ𝐿𝐺  Latent heat of vaporisation (J/mol) 
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k Deposition mass transfer coefficient (m/s) 
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?̇? Required heating power (watts) 
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?̇? Heat flux (W/m2) 
R Resistance (Ω) 
Re Reynolds number 
S Separation (m) 
T Temperature 
U Velocity (m/s) 
𝑈∗ Dimensionless superficial velocity 
𝑈∗ Wall friction velocity, 𝑈∗ = (
𝜏𝑤
𝜌𝐿
)1/2 
V Wave speed (m/s), constant 
V Voltage (V) 
z Distance (m) 
dp/dz Pressure gradient (Pa/m) 
 
Greek  
 
𝜌 Density (kg/m3) 
𝜔∗ Vorticity 
𝛿 Film thickness (m) 
𝜎 Surface tension (N/m) 
𝛾 Specific conductivity of the liquid (siemens per meter) 
λ Ratio of the distance between the probe centrelines and the distance between 
the outer and inner edges of the conducting strips 
𝛿̅ Averaged time-mean film thickness 
µ Dynamic viscosity (kg/ms) 
𝑓 Frequency (Hz) 
𝜏 Shear stress (N/m2) 
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𝜀 Holdup 
α Heat transfer coefficient (W/(m2K) 
∅2 Two-phase multiplier 
β Inclination from horizontal 
𝛿+ Dimensionless film thickness 
𝑥 Quality 
 
Subscript 
 
G Gas 
L Liquid 
LF Liquid Film 
LFC Liquid Film Critical 
i Interface 
w Wave 
𝑓 Friction factor 
s Silicon fluid 
p Probe 
f Fluid 
m Mixture 
2ph Two-phase 
pp Peak 
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CHAPTER 1 
 
 INTRODUCTION 
 
This thesis presents the outcome of a study on upwards gas-liquid flow in vertical tubes, with 
particular reference to the annular and churns flow regimes. In what follows in this Chapter, 
Section 1.1 gives the general industrial background to the study and Section 1.2 states the 
objectives of the study. Finally, Section 1.3 lists the chapters presented in the rest of the thesis. 
 
1.1  General Background 
 
The main context of the present work is in the design and operation of oil and gas recovery 
systems in which a multiphase flow (for example a gas-liquid two-phase oil gas flow) is 
occurring. Flow systems (flow lines, risers etc.) are used to transport the hydrocarbons 
produced from wells to an onshore or offshore processing facility. Research on multiphase 
flow has a big influence on the design, operation, safety and optimization of such flow 
systems. Typically in a gas condensate field, the produced hydrocarbons are in the form of a 
mixture of natural gas and oil – i.e. a two-phase gas-liquid flow. Depending on the flow rate 
of each phase, different flow regimes occur (bubble flow, slug flow, annular flow, churn flow 
etc.), each of which has a characteristic flow behaviour that can substantially affect both 
pressure gradient and heat transfer. The churn and annular flow regimes (including the 
transitional regime between them) are probably the most preferred operating regimes in a 
pipeline or riser system. In contrast to the slug regime, both churn and annular flow regimes 
have a much more stable pressure drop across the system, which minimizes potential 
incidents causing production trip/shutdown. The continuous liquid layer along the pipe wall 
acts as a protective layer to any potential erosion and corrosion threat (corrosion inhibitor is 
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often required also). Thus, operating in these regimes improves the operability of the field but 
one has to beware potential problems such as liquid loading.  
 
As reservoir depleting over field life, reservoir pressure drops gradually and water production 
rate increases. While the reservoir pressure decreases further, the required pressure driving 
force decreases until the reservoir is fully depleted and filled with produced water. This 
phenomenon is called “liquid loading”. Furthermore, as more fields are discovered and 
developed in deeper water, the associated expenditure is higher and the flow assurance 
challenges during design and operations are more difficult. Fundamental multiphase research 
provides essential information to a better understanding of the flow behaviour in production 
systems, allowing more accurate prediction of the onset of liquid loading etc., and this in turn 
feeds into safe design and more optimal operation.  
 
Annular flow occurs in a wide range of practical applications, including production lines (e.g. 
gas-liquid wells), evaporators and condensers. Understanding the intricate interfacial 
dynamics of annular flows is important for a number of reasons, which include the ability to 
predict the frictional pressure drop in two-phase flows that feeds into pump sizing, the 
fraction of liquid droplets entrainment that feeds into corrosion control and the onset of 
flooding in counter-current configurations which provides understanding on gas well liquid 
loading potential.   
 
Probably the most important feature in annular flows is the formation of large waves (known 
as disturbance waves) at the film/core interface. Disturbance waves have been observed 
above a threshold liquid flowrate value, and remain correlated over considerable distances. In 
smaller diameter tubes, such waves are formed near the entrance and their frequency 
decreases with distance along the tube, ultimately reaching a constant value in the fully 
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developed state. Achieving a fundamental understanding of the mechanisms underlying the 
onset and evolution of disturbance waves is important for a number of reasons. For example, 
it seems likely that disturbance waves are a necessary condition to form entrained droplets. . 
They also have a dominant role in shear stress at the interface in annular flow and 
measurement of wall-shear stress underneath such waves are reported by Martin (1983) who 
made simultaneous measurements at the same locality of shear stress (using a hot film probe 
device) and film thickness (using a conductance probe device). The large film thickness 
associated with the disturbance waves also corresponded to a large wall shear stress. 
 
1.2  Project objectives 
 
The primary aim of this research work is to provide a detailed understanding of wave 
characteristics in churn and annular flow. These two regimes are the most common operating 
regimes in offshore oil and gas production system.  
 
The main objectives of the work described in this thesis have been to carry our experiments 
on a vertical flow loop over a wide range of flowing conditions to generate film thickness, 
pressure measurements, to provide visual evidence on wave characteristics, and to confirm 
droplet entrainment mechanisms proposed previously by Azzopardi (1986).  
 
The experiments were carried out on two vertical air-water flow facilities with the same pipe 
diameters (34.5 mm) but different in length. Air was introduced into the bottom of the test 
section and flowed upwards. Sufficient distance was allowed for the (single phase) air flow to 
become fully developed after which water was introduced around the periphery of the tube via 
a porous wall or conical. This water is carried upwards by air flow, the air being derived from 
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the Imperial College site mains. Depending on the flow regime interested, the air flowrates 
and water flow rates were adjusted to give the required conditions for any given experiment. 
The following main experimental studies were performed: 
 
1. Studies of disturbance wave development along the pipe in annular flow. Here, the film 
thickness was measured at various distances from the injector using four conductance 
probes spaced around the circumference of the tube.  Pressure gradient measurements 
were also made. The development of the disturbance waves could be studied both as a 
function of distance and as a function of circumferential position.  
 
2. Axial view studies of the churn flow, of the churn to annular flow transition and of 
annular flow regime were performed. Visual evidence of the wave behaviour in each 
regime was obtained. 
 
3. Studies of the liquid holdup in churn flow regime by using quick closing valves. Liquid 
holdup and pressure gradient data was measured and the corresponding time –averaged 
wall shear stress was calculated. 
 
1.3  Structure of the thesis 
 
In what follows, a general review of vertical two-phase flow is given in Chapter 2 and 
Chapter 3 describes the air-water experimental facilities and the associated instrumentation 
systems.  Chapter 4 describes the work on development of disturbance wave in upwards-
annular flow and Chapter 5 describes the work on holdup pressure gradient measurement in 
churn flow from which the average wall shear stress in churn flow could be calculated.  
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Chapter 6, it presents visual evidence (obtained using axial view photography) on wave 
characteristics in churn flow, in the churn to annular transition and in annular flow. Finally, 
the conclusions of the current work and suggestions for future work are presented in Chapter 
7. 
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CHAPTER 2 
LITERATURE REVIEW 
 
The aim of this Chapter is to briefly summarise the relevant background literature on two 
phase gas-liquid flow and the relevant measurement techniques. It should be emphasised that 
gas-liquid flow is highly complex with many applications and this is reflected in the very 
large number of publications on the subject. In this Chapter, the objective will be to focus on 
publications in those areas of the subject which have close relevance to the work performed in 
the present study. The work has concentrated on the vertical upwards annular and churns flow 
regimes and it is important to define these regimes in the context of flow regimes in general 
and this is done in Section 2.1. In Section 2.2, various aspects of annular flow are discussed 
(interfacial wave formation in Section 2.2.1 and liquid droplet entrainment in Section 2.2.2) 
and Section 2.3 discusses various aspects of churn flow (the flooding phenomenon associated 
with the formation of churn flow from slug flow in Section 2.3.1, entrained fraction in churn 
flow in Section 2.3.2 and the components of pressure gradient in churn flow in Section 2.3.3).  
The last three Sections in the Chapter deal with experimental techniques; thus, Section 2.4 
discusses methods for film thickness measurements in annular flow, Section 2.5 discusses 
axial view photography, Section 2.6 discusses wall shear stress measurement and, finally 
Section 2.7 discusses pressure drop measurements.  
  
2.1 Flow regimes 
 
Two phase flows are often classified according to the type of interfacial distribution. The 
definition of these flow regimes or flow patterns is somewhat qualitative and this should be 
born in mind when considering the results. Bennett et al. (1965) used X-Ray photography and 
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high speed cine film to record the flow behaviour and distinguish the flow regimes in steam-
water flow in a vertical pipe. The definitions of Bennett et al are used here but it should be 
stressed that the definitions of flow regimes varies from publication to publication. For 
instance, Ohnuki & Akimoto (1996) identified five somewhat different flow regimes in their 
study of two phase flow in a vertical pipe. 
 
The flow regimes defined by Bennett et al (1965) were as follows:  
 
Bubble Flow 
The bubble flow pattern is characterised by a discontinuous gas phase which travels as 
isolated bubbles dispersed in a continuous liquid phase. This regime occurs at low gas mass 
flux with low to medium liquid mass flux and is one in which non-uniform bubbles move in a 
complex pattern, sometimes coalescing to become larger bubbles. 
 
Slug Flow 
This regime can also be referred as the plug flow regime. If the gas mass flux increases while 
the liquid mass flux remains low to medium, then the small bubbles start to coalesce with 
each other more frequently to form large, bullet shaped “Taylor bubbles” with a diameter 
close to that of the tube. The Taylor bubbles are separated by liquid-continuous zones which 
may or may not contain a dispersion of smaller bubbles. In slug flow, a falling liquid film 
flows down the outside of the large bubbles, although the net flow of both liquid and gas is 
upwards. 
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Churn Flow 
With further increase in gas mass flux, instability between the gas phase and liquid phase 
occurs, causing an oscillatory motion in the pipe, hence the name churn flow. The flow 
direction in the film undergoes periodic reversals, with large waves on the film surface being 
carried upwards whilst the film between the waves flows downwards, Hewitt et al. (1985). 
This phenomenon may not appear in small-bore tubes where there may be a direct transition 
from slug flow to annular flow. 
 
Annular Flow 
Annular flow is a regime of two-phase, gas-liquid flow that occurs in a wide range of 
practical applications, including transfer lines (e.g. gas-liquid oil wells), evaporators and 
condensers (Hewitt and Hall-Taylor 1970; Andreussi et al. 1985; Schadel et al. 1990; 
Alekseenko et al. 1994, 2009; Pan and Hanratty 2002; Park et al. 2004). This flow regime 
corresponds to a situation in which the liquid phase flows in the form of a film on the inside 
of the conduit wall, in addition to droplets entrained within the gas phase. Understanding the 
intricate interfacial dynamics of annular flows is important for a number of reasons, which 
include the ability to predict the frictional pressure drop in two-phase flows (Wallis 1969; 
Asali et al. 1985; Fukano and Furukawa 1998; Fore et al. 2000; Wongwises and 
Kongkiatwanitch 2001; Wang and Gabriel 2005; Belt et al. 2009) that dictate pumping 
requirements, the fraction of liquid entrained in the gas in the form of droplets (Andreussi 
1983; Schadel et al. 1990; Ambrosini et al. 1991; Azzopardi 1997; Pan and Hanratty 2002; 
Sawant et al. 2008a) and the onset of flooding in counter-current configurations (Dukler et al. 
1984; McQuillan and Whalley 1985; Govan et al. 1991; Karimi and Kawaji 2000). Although 
both upwards and downwards annular flows have been studied in the literature, in this work 
the focus is on the vertical, upwards (co-current) gas-liquid flow configuration 
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Wispy-Annular Flow 
At very high liquid and gas mass flux, the concentration of entrained liquid droplets in the gas 
core increases to such a value that the droplets coalesce to form large lumps (wisps) of liquid.  
Bennett et al. (1965) were first to describe wispy-annular flow. They identified it as having “a 
continuous relatively slow moving liquid film on the tube walls and a more rapidly moving 
entrained phase in the gas core”. The latter was described as, “this phase appeared to flow in 
large agglomerates somewhat resembling ectoplasm”.  
 
The respective regimes are sketched in Figure 2.1. This picture differs slightly from previous 
versions in that the churn flow regime is seen to have a continuous path for the gas phase.  
 
The study carried out by Bennett et al (1965) was for steam-water flow but Hewitt and 
Roberts (1969) showed that both this data and also data for low pressure air-water flows could 
be represented in terms of the superficial momentum fluxes ( 2 2 and l L G GU U   )of the two 
phases. The Hewitt and Roberts map is shown in Figure 2.2 
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2.2 Annular flow 
2.2.1 Interfacial Film Structure in Annular Flow  
 
An important feature of annular flows is the formation of waves at the film/core interface. . As 
shown in Figure 2.3, annular flow consists of the following features: liquid film, disturbance 
waves, gas core containing entrained liquid drops, depositing drops and ejected drops. One of 
the most characteristic and important interfacial wave phenomena in annular flow is the 
formation of large waves (known as disturbance waves) at the interface (Hall Taylor et al 
1963; Hewitt 1969; Hewitt and Hall-Taylor 1970; Azzopardi 1986, 1997; Alekseenko et al. 
1994, 2009). Disturbance waves have been observed above a threshold liquid flow-rate value, 
and remain correlated over considerable distances. Achieving a fundamental understanding of 
the mechanisms underlying the onset and evolution of disturbance waves is important for a 
number of reasons. For instance, it seems likely that (at least at low liquid viscosities) 
disturbance waves are a necessary condition for the entrainment of droplets from wavy 
interfaces (Cousins et al. 1965; Cousins and Hewitt 1968a, 1968b; Hewitt and Roberts 1969; 
Azzopardi 1986, 1997; Owen and Hewitt 1986, Pan and Haratty 2002; Sawant et al. 2008a; 
Alekseenko et al. 2009). Disturbance waves also have a dominant role in shear stress at the 
interface in annular flow and measurements of wall shear stress underneath such waves are 
reported by Martin (1983) who made simultaneous measurements at the same locality of 
shear stress (using a hot film probe device) and film thickness (using a conductance probe 
device). The large film thickness associated with the disturbance waves also corresponded to a 
large wall shear stress. In recent work, Wongwises and Kongkiatwanitch (2001) used a 
combination of flush-mounted wall electrodes to measure the film thickness, and an isokinetic 
probe connected to a cyclone separator to measure the effect of interfacial structure on the 
gas-liquid interfacial friction factor. The effect of liquid viscosity on the film structure, 
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entrained fraction, and friction factor in upwards annular flow was investigated by McNeil 
and Stuart (2003). Wang and Gabriel (2005) also used conductance probes to obtain 
information about the film structure and its effect on the interfacial roughness and friction 
factor. 
 
 
Figure 2.3: Main features of annular flow – Azzopardi (2006) 
 
In upwards annular flow, the interfacial structure is very complex. The disturbance waves are 
regions of highly disturbed interface which extend over a distance of typically several 
centimetres and in which the wave amplitude is typically 5-6 times the mean film thickness. 
Figure 2.4 shows a series of photographs which illustrate the motion of disturbance waves along 
a 32 mm tube in annular flow. 
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In the substrate region between the disturbance waves, the film surface is covered with 
smaller waves, often referred to as ripple waves. Despite all the studies on disturbance waves, 
and despite their dominant importance in annular flows, there is little information available on 
the process of their formation. Hall-Taylor and Nedderman (1969) used a conductance probe 
device to measure the frequency of waves on the tube surface as a function of distance from 
the liquid injector (in this case, the liquid was injected smoothly using a porous wall section). 
The results obtained by Hall-Taylor and Nedderman (1969) are illustrated in Figure 2.5 and it 
will be seen that the frequency decreases with distance tending towards an asymptotic value at 
long distance. Hall-Taylor and Nedderman suggested that the decrease in frequency was due 
to coalescence of the waves resulting from a dispersion of their velocity. However, the results 
obtained by Hall-Taylor and Nedderman were at a given position around the tube periphery 
and there is no evidence from the work about the development of a coherent circumferential 
structure. That such circumferential structures exist at longer distances (i.e. 2m) is evidenced 
Figure 2.4: Motion of disturbance waves in air-water flow annular flow in a 32 
mm diameter tube (Hewitt and Lovegrove, 1969) 
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by the work of Hewitt and Lovegrove (1969) referred to above. As far as the present authors 
are aware, there is no evidence about the process of formation of the ring-like structures 
(circumferential coherence) in the region immediately upstream of the liquid injection 
location. One of the objectives of the present work was to investigate this region in detail and 
to provide new insights into the processes of disturbance wave formation. 
 
 
Figure 2.5: Change of disturbance wave frequency with distance (Hall Taylor and 
Nedderman, 1969) 
 
Various studies published on this regime have identified different types of structures at the 
interface, for example: ring waves (Ohba 1993), ephemeral waves (Sekoguchi et al. 1985, 
Wolf 1995) and huge waves (Sekoguchi & Takeishi 1989). Azzopardi (2004) noted the 
differences between huge waves and disturbance waves. They have higher velocities than 
disturbance waves but slower velocities than slugs. Disturbance waves occur at higher gas 
velocities and lower liquid velocities and they have a much lower dependence of velocity on 
wave amplitude. 
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Wolf (1995) carried out a detailed study on the structure of liquid films in vertical annular 
flow. Detailed analysis on local and average liquid film behaviour in annular flow were 
performed. He further investigated the response of disturbance waves to changes in various 
system parameters as shown in Table 2.1 below. 
 
Table 2.1: Response of disturbance waves to variations in system parameters – Wolf (1995) 
Increasing Wave Velocity Wave Frequency Coherence 
Gas mass flux Increase Increase Increase 
Liquid mass flux No effects Slight increase No effect 
Pipe diameter No effects Decrease Decrease 
Gas density Decrease Increase Not investigated 
Axial distance No effects Decrease Not investigated 
 
Hewitt & Lovegrove (1969) described ripple waves as waves with low velocity and relatively 
small amplitude compared to the liquid film thickness. These waves do not necessarily form 
complete rings around the tube periphery. Ripple waves exist throughout the liquid film over 
the full range of annular flow. Azzopardi (2006) mentioned that at very low liquid flow rate, 
they are the only distortion of the interface, whereas, at higher liquid flow rates, they are 
found between the other features on the interface.  
 
As the gas and liquid flowrate increase, disturbance waves appear on the interface. Hewitt & 
Lovegrove (1969) used four conductance probes around the perimeter of a tube to measure 
film thickness. They concluded that disturbance waves are coherent over large axial distance 
and around the circumference of the pipe. It seems likely that (at least at low liquid viscosities) 
disturbance waves are a necessary condition for the entrainment of droplets, which occurs at 
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the wavy interface associated with such waves (Cousins et al., 1965, Cousins and Hewitt, 
1968a, 1968b, Hewitt and Roberts, 1969, Hewitt and Owen, 1986). This has been confirmed 
through visualising flow patterns using a transparent pipe by other researchers. 
 
Martin & Azzopardi (1985) showed that the power spectral density of void fraction / holdup is 
narrow with a clear peak for data obtained with a 10mm diameter pipe. For larger pipe 
diameters, the power spectrum became systematically broader and flatter. Therefore, a 
completely different behaviour has been observed in large diameter pipes. Figure 2.6 shows a 
photograph taken by Azzopardi et al. (1983) who performed a series of experiments on a pipe 
with an internal diameter of 125mm. He indicated that at low liquid flow rates, the film is 
covered by ripples of small wavelength. Beyond a critical liquid flowrate, disturbance waves 
are also observed on the film surface. However the waves are not coherent but are localised 
circumferentially with an appearance similar to the bow wave of a ship. 
 
 
Figure 2.6: Disturbance waves in 125 mm diameter pipe – Azzopardi et al. (1983) 
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Unsurprisingly, disturbance waves also have a profound influence on heat transfer in annular 
flow. Traditional methods of predicting heat transfer in these systems based on turbulent 
boundary layer theory, and assuming average values for the film thickness and interfacial 
shear stress (see Hewitt and Hall-Taylor 1970), grossly over-predict the heat transfer rate, 
which is to be expected due to the essentially intermittent nature of the flow. The 
computational fluid dynamics (CFD) study of Jayanti and Hewitt (1997) included predictions 
of heat transfer in annular flow with disturbance waves. The disturbance wave regions were 
predicted to be zones of high heat transfer rate, whereas the laminar substrate regions between 
the waves were comparatively low heat transfer ones. On average, the heat transfer rate was 
found to be lower than that predicted from the corresponding average shear stress and film 
thickness, in reasonable agreement with experimental observations. The link between 
disturbance waves and turbulence had been suggested by Martin and Azzopardi (1985). Han 
et al. (2006) used a steady re-normalisation group (RNG) k–ε model the turbulent gas flow in 
vertically upwards annular flow configurations coupled to a physical model for the film that 
accounted for droplet entrainment, variable wave velocity and gravitational forces. 
 
The high heat transfer coefficient in the wave region should imply larger suppression of 
nucleate boiling. However, high-speed visual observations of boiling in these flows have 
indicated that nucleate boiling occurs preferentially in the disturbance waves regions (Barbosa 
et al. 2002). This apparently contradictory behaviour might possibly be explained by a fall of 
pressure (and hence a fall in saturation temperature) in a disturbance wave region. The 
mechanism for such a reduction in pressure is discussed by Wolf et al. (1996). The flow of the 
vapour over the substrate region would be typical of a turbulent flow over a relatively flat 
surface. In the disturbance wave region, the surface is highly roughened and the velocity 
profile becomes more parabolic in shape. The change from the flat parabolic profile requires a 
reduction in pressure (as the momentum flux of the gases increase) and this might explain the 
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apparent anomaly. Another explanation might be non-uniformity of wall temperature in the 
wave region due to turbulent bursts.  
 
The study of disturbance waves has been an on-going topic in two-phase flow and amongst 
recent publications one may cite the work of Sekoguchi et al. (1985), Sekoguchi and Takeishi 
(1989), Wang et al. (2004), Schubring et al. (2010a, 2010b, 2010c) and Okawa et al. (2010). A 
review on the topic of disturbance waves in annular flow is given by Azzopardi (1986). The 
works by Sekoguchi and his co-investigators concentrated on characterising the disturbance 
wave region; of particular note was the observation of a special type of wave (the huge wave) 
in annular flow under certain circumstances. Wang et al. (2004) concentrated on the influence 
of wave height on interfacial friction and Sawant et al. (2008b) referred to new correlations 
that they have developed for disturbance wave frequency. In the work by Schubring and his 
collaborators detailed visualisation techniques are applied to the study of disturbance waves, 
while liquid film behaviour under oscillation conditions has been studied by Okawa et al. 
(2010).   
 
More recently, Hall Taylor et al. (2014) used the liquid flow rate in disturbances wave data 
obtained by Hazuku et al. (2008) and de Jong and Gabriel et al. (2003), spatial wave profile 
showing film thickness above sub-layer data inferred from Wang et al. (2004) and Zhao et al. 
(2013) developed a mathematical model that predicts relations between the speed, height, and 
spacing of the waves, and the net liquid flowrate. It was discovered that the vorticity in the 
wave is proportional to UG
3/2/𝑞𝐿
1/2 (where, UG
 is gas velocity in m/s and 𝑞𝐿 is liquid flowrate 
in m3/s) and S (separation) has a linear relationship with V/UG (where, V is wave speed which 
is a constant), see Equation 2.1, Equation 2.2 and Equation 2.3. 
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𝜔 = 𝐶
𝑈𝐺
3/2
𝑞𝐿
1/2                            Equation 2.1 
 
    𝑆 = 𝛼
𝑉
𝑈𝐺
                             Equation 2.2 
 
𝛼 = 𝜎𝜔∗
2𝜌𝐺/𝜌𝐿𝐶
2       Equation 2.3 
 
Where, UG is the gas velocity (m/s) 
 QL is the liquid flowrate (m
3/s) 
V is wave speed (m/s), which is a constant 
 S is the separation (m) 
 C is the scaling constant (Hall Taylor 2014 et al. used C=0.13m-1/2) 
 𝜎 is the surface tension (N/m) 
 𝜔∗ is vorticity (Hall Taylor 2014 et al. used 𝜔∗ = 7.62 s
-1) 
 ρ is density for gas(G) and liquid (L) in kg/m3 
  
A missing piece of information about disturbance waves has been the nature of their 
formation at the channel entrance, and particularly with the development of circumferential 
ring-like structures in the waves. This is the main focus of the present work. 
 
A number of investigations have been devoted to the measurement of the detailed 
characteristics of disturbance waves. High-speed imaging studies (Hewitt and Lovegrove 
1969) have shown that the disturbance wave regions are disturbed zones, having a ‘milky’ 
appearance, which extend for about one tube diameter in length. The same studies have also 
shown that the disturbance waves are advected along the tube for long distances (although 
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they occasionally coalesce). The peak amplitude of the disturbance waves was determined by 
Hewitt and Nicholls (1969) using a fluorescence technique since the conductance probes used 
in early work saturate at higher film thickness and do not give reliable information of peak 
amplitude. It was found that the amplitudes of disturbance waves were typically 5 – 6 times 
the mean film thickness. Hall-Taylor and Nedderman (1969) used a conductance probe device 
to measure the frequency of waves on the tube surface as a function of distance from the 
liquid injector (in this case, the liquid was injected smoothly using a porous wall section). The 
results obtained by Hall-Taylor and Nedderman (1969) are illustrated in Figure 2.5 and it will 
be seen that the frequency decreases with distance tending towards an asymptotic value at 
long distance. These authors also suggested that the decrease in frequency is due to 
coalescence of the waves resulting from a dispersion of their velocity. Non-dimensional 
correlations for wave frequency and velocity were developed by Pearce (1979). Pearce’s 
empirical correlation is provided in Equation 2.4.  
 
𝑣𝑤𝑎𝑣𝑒,𝑝𝑒𝑎𝑟𝑐ℎ =
𝑈𝐿,𝑖+𝑈𝐺√
𝜌𝐺
𝜌𝐿
1+√
𝜌𝐺
𝜌𝐿
                      Equation 2.4 
 
The velocity at the liquid interface 𝑈𝐿,𝑖 is a challenging measurement, more challenging than 
direct measurement of the wave velocity. Schubring et al. (2010) did a quantitative 
visualization of disturbance waves in vertical annular flow through the use of high-speed 
videos to estimate the velocity, lengths and temporal spacing of individual waves. It was 
discovered two wave structures - coherent waves and piece waves (i.e. none-coherent waves), 
and the wave velocity, frequency increase with liquid and gas flowrates, length decreases with 
increasing gas flow and increases with increasing liquid flow, and intermittency is 
predominantly an increasing function of liquid flow. 
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Although the subject of interfacial disturbance waves in upwards and downwards annular 
flow has received considerable attention in the literature, there remains an open question 
regarding the development of the coherence of these waves in the circumferential direction. 
This is an important issue related to the mechanism underlying the transition from complex, 
three-dimensional interfacial structures to essentially two-dimensional, circumferentially 
coherent waves, which has not been addressed adequately. For instance, the results obtained 
by Hall-Taylor and Nedderman (1969) were obtained for one position around the tube 
periphery and there is no evidence from that work about the development of a coherent 
circumferential structure. The more recent PLIF results of Schubring et al. (2010b, 2010c) 
were also concerned with a single circumferential position. 
 
2.2.2 Liquid Entrainment Phenomena and Mechanisms in annular flow 
 
In annular flow, droplet entrainment is the process by which liquid film breaks down and 
continuously enters the gas core as droplets. The reverse process where the liquid droplets 
merge back to the liquid film is called droplet deposition. The ratio between the mass flowrate 
of liquid droplets and the total liquid film flowrate is defined as entrained liquid fraction. 
 
Roberts & Hewitt (1969) first observed the wave undercut entrainment mechanism by means 
of axial-view photography as shown in Figure 2.7 and this has been confirmed by subsequent 
researchers, Whalley (1987) and Wilkes (1983) for example. In this mechanism, (also called 
the bag break-up mechanism), the gas “undercuts” a large wave forming an open-ended 
bubble with a thick filament rim. In this mechanism, the liquid at the disturbance wave crest 
increases as the wave travels upwards. The crest is then undercut by the adjacent gas and 
breaks into several liquid droplets with different sizes which are carried upwards in the gas 
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core. Robert & Hewitt (1969) also reported an explanation of the droplet migration due to a 
considerable radial velocity that a significant proportion of the droplets near the 
circumference of the tube have. 
 
 
Figure 2.7: Wave undercut (bag break-up) entrainment mechanism (Whalley, 1987) 
 
 
Figure 2.8: Wave rolling entrainment mechanism (Hewitt and Hall-Taylor, 1970) 
 
Hall-Taylor et al. (1963) proposed an alternative mechanism in which two disturbance waves 
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collided and joined together as the travelling wave moves with a higher velocity. This 
collision leads to the formation of liquid entrainments as illustrated in Figure 2.9 
 
 
Figure 2.9: Wave collision entrainment mechanism (Hall-Taylor et al., 1963) 
 
Woodmansee & Hanratty (1969) carried out high-speed photographic studies and suggested 
an alternative mechanism that is different from the others since they suggest the disturbance 
wave does not produce the entrained droplets. In this mechanism, ripples rise over the surface 
of the disturbance wave and are separated from the disturbance wave by the upcoming gas 
flow, leading to droplet entrainment. Figure 2.10 presents a sketch of the process. It is 
important to note that, entrained droplets are formed simply due to the existence of the ripple 
wave. A similar mechanism has been observed for downwards co-current flow by Alekseenko 
et al. (2009) (see below). 
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Figure 2.10: Ripple entrainment mechanism (Alekseenko et al., 2009) 
 
Wilkes (1983) describes a process similar to that described by Woodmansee and Hanratty 
(1969) which he called ligament break-up. In this mechanism, the crests of the waves are 
pulled forwards in the form of ligaments, and then these ligaments are broken into drops. In 
addition to his classification entrainment mechanisms into bag breakup and ligament 
formation, Andreussi (1983) correlated the droplet formation in annular flow to a critical 
Webber number: 
 
25
2


 wGGUWe                      Equation 2.5 
 
Where, w  is the wave height. Good agreement with the transition boundary was found by 
assuming a wave height to mean film thickness ratio of approximately 3.5. 
 
As was mentioned above, Alekseenko et al. (2009) studied the mechanism of entrainment in 
downwards annular flow. They used a modification of the laser-induced fluorescence 
technique with high spatiotemporal resolution to examine downwards annular flow with and 
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without liquid entrainment. They analysed the wave pattern and presented the following 
description of ripple generation: “All ripples always arise as small amplitude disturbances on 
the backward slopes of disturbance waves, each newborn ripple is moving initially with the 
velocity of parent disturbance wave while increasing in amplitude.” The subsequent 
behaviour of the ripples depends on the point at which the ripple arises on the backwards 
slope of disturbance wave; Alekseenko et al. specified two scenarios. If the ripple is formed 
below a certain point of the slope which they call the point of separation, it will then gradually 
decelerate and lag behind the parent disturbance wave, and eventually be absorbed by the 
subsequent disturbance wave. In the second scenario, the ripple sharply accelerates and 
promptly reaches the front slope of the disturbance wave where it decelerates again to the 
velocity close to the disturbance wave. These two scenarios allow the assumption that 
disappearing ripples are disrupted and entrained in the gas core as shown in Figure 2.11. 
 
 
Figure 2.11: Inception regions for two types of ripples on disturbance wave’s back slope: (a) 
Normalized probability for low (1) and fast (2) ripples’ point of origin; (b) the average shape of the 
disturbance wave. Dotted lines show the liquid streamlines in reference system, moving with the 
wave. Re=350 and Vg=27 m/s (Alekseenko et al., 2009) 
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2.3 Churn Flow 
2.3.1 Flooding and Flow Reversal 
 
The churn to annular transition is of particular interest in the present project. Several 
interpretations have been suggested for this transition but it seems very likely that the 
transition from slug flow to churn flow is associated with flooding in the Taylor bubble 
(Watson and Hewitt, 1999). Here, flooding is defined as the condition at which, in a counter-
current flow of a falling liquid film and an upwards-flowing gas stream, the liquid phase 
begins to be carried upwards. The criterion for predicting flooding varies with pipe size. 
Generally, Wallis parameter (𝑈𝐺
∗) is used for smaller diameter pipe, whereas the Kutateladaze 
(Ku) number is normally chosen for the prediction of larger diameter pipes. Both approaches 
are discussed here.  
 
The concepts of flooding and flow reversal have been studied intensively over the past few 
decades. Starting with a counter-current flow of a gas flowing in the centre of a pipe and a 
liquid flowing downwards as a falling film around the pipe periphery, a dramatic transition 
may occur as either the gas or the liquid flow is increased. This transition corresponds to a 
condition where the liquid phase begins to be carried upwards. The point at which this occurs 
is called the flooding point or onset of flooding. Bankoff & Lee (1986) defined this point as 
that where there is a maximum relative velocity that can be sustained in counter-current flow 
for a given geometry and liquid-gas pair. At gas flow rates above those for flooding, a fraction 
of the liquid may still flow downwards. However, as the gas flow rate becomes sufficiently 
large, no liquid will penetrate to the bottom and a fully upwards co-current flow is established. 
This point is defined as the zero penetration point. Now, if the gas flowrate reduces, part of 
the liquid film begins to fall down the tube wall. This transition is named as the flow reversal 
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point. Further reductions in gas flowrate result in a simultaneous climbing and falling liquid 
film. Eventually, all the liquid film flow downwards in the pipe. This transition has been 
termed by Clift et al. (1966) as the deflooding point. There may be considerable hysteresis in 
this transition. Hewitt & Hall-Taylor (1970) illustrate this flooding and flow reversal process 
as shown in Figure 2.12. 
 
 
Figure 2.12: Schematic diagram illustrate Flooding and Flow reversal – Hewitt and Hall 
Taylor (1970) 
 
Wolf et al. (1996) reported two different flooding mechanisms: the formation and upward 
transportation of large waves and the carryover of entrained droplets. Wolf et al. (1996) 
claims that the two mechanisms are of different nature, where the presence of a coherent ring-
type wave causes a relatively large reduction in the flow area available for the gas at the wave 
crest. In big pipes, the gas velocity required to entrain and carry droplets upward should be 
lower than that required to transport waves, so the droplet mechanism is more likely. 
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One of the important features of flooding is the sudden increase in pressure gradient between 
counter-current flow and co-current flow. Figure 2.13 shows the results of pressure drop 
measurements by Hewitt et al. (1965) which illustrate the pressure drop characteristics at the 
transition point. As shown in the plot, the pressure gradient at the locus of flow reversal is 
around an order of magnitude higher than the locus of flooding. 
 
 
Figure 2.13: Pressure gradient in counter-current and co-current film flow of air-water 
mixture – Hewitt et al. (1965) 
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Figure 2.14: Pressure gradient in vertical annular flow with different gas mass fluxes – Owen 
(1986) 
 
It can be seen that the pressure gradient gradually increases until the onset of flooding. At the 
onset of flooding, the pressure gradient rises sharply due to the development of a rough gas-
liquid interface. Further increase in the gas flowrate gives a decrease in pressure gradient 
(probably due to decreased wave activity with increased gas velocity in the churn flow region).  
The pressure gradient reached a minimum before increasing again with increasing gas 
velocity in the annular region. Owen (1986) carried out experimental work and computational 
analyses on vertical two-phase flow; his data for pressure gradient are exemplified in Figure 
2.14. A characteristic increase in pressure gradient occurs on entry into the churn flow region, 
though this is less pronounced at higher liquid flow rates. 
 
It has been observed that the liquid inlet conditions have a strong effect on flooding. Chung et 
al. (1980) noted that the gas supply mode associated with the liquid outlet conditions appears 
to have a considerable effect on flooding, particularly to the initiation of droplet entrainment. 
Of all the various end geometries reviewed by Bankoff and Lee (1986), there are five main 
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types used by various investigators as shown listed in Figure 2.15. 
 
 
Figure 2.15: Summarised main types of liquid outlet geometry by Govan (1990) 
 
Wallis (1961) proposed the following correlation for flooding:   
 
CUU GL  2
1
*2
1
*
                    Equation 2.6 
 
where, *LU  and 
*
GU  are the dimensionless liquid and gas superficial velocities respectively 
and are defined as follows: 
 
   2
1
2
1
*  GLGGG gDUU                    Equation 2.7 
 
   2
1
2
1
*  GLLLL gDUU                    Equation 2.8 
 
where, GU  and UL are the superficial gas and liquid velocities respectively, L  and G  
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are the liquid and gas density respectively, and D  is the tube diameter. Richter (1981) 
suggested that D  in annuli experiments can be assumed to be the average tube 
circumference. C  is a constant that lies in the range of 0.75 to 1. For sharp and rounded 
flanged entrances, Wallis found that C  had values of 0.75 and 0.88 respectively. Hewitt & 
Wallis (1963) used a porous wall injection system (shown diagrammatically as the first 
injection method in Figure 2.15); they found that the Wallis equation showed reasonably good 
agreement with their data when C  had a value of 1. 
 
In addition to the inlet and outlet geometry effect, Hewitt et al. (1965) carried out a more 
comprehensive investigation on the tube length effect on flooding, using the same inlet and 
outlet technique as that used by Hewitt and Wallis (1963). The results are shown in Figure 
2.16 and demonstrate the following characteristics: (a) the flooding gas velocity varies 
significantly with tube length: (b) at lower liquid flowrates, the tube length effect is less that 
at higher liquid flowrates; (c) the amplitude of film waves increases with length and the 
waves consequently tend to interact more with the gas stream in longer tubes. 
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Figure 2.16: Flooding data obtained by Hewitt (1965) at atmospheric pressure 
 
However, the Wallis (1962) correlation does not take account of the tube length effect. Jayanti 
and Hewitt (1992) suggested that C  is a function of D
L  when 120D
L  as given by 
Equation 2.9: 
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where, L  is the length of the tube, D  is the tube diameter. The correlations described 
above mainly apply to small diameter pipes. Fewer relationships have been derived 
specifically for large diameter pipes, since the flow mechanism is suspected to be different. 
Pushkina & Sorokin (1969) derived a correlation as shown in Equation 2.10 that uses a 
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geometric parameter to represent the wave length. They also found that for zero liquid 
penetration, the Kutateladze number GKu  remains constant as 3.2 despite of the differences 
in pipe size.  
 
 
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g
U
Ku GGSG                       Equation 2.10 
 
where, σ is the surface tension. Other alternative flooding correlations are given by Sun 
(1979), Chung et al. (1980) and Richter (1981).   
 
Equation 2.6 suggests that the flow reversal transition occurs at a gas velocity corresponding 
to a *GU  value of 0.8-0.9. Hewitt et al. (1965) found that the minimum pressure gradient 
occurs at 12.1* GU , where 
*
GU  (the Wallis parameter) is defined by Equation 2.7. It was 
also suggested that annular flow will exist above this value. 
 
2.3.2 Minimum Liquid Entrainment and Entrainment Fraction 
 
In annular flow, the entrained fraction is conventionally determined by extracting the liquid 
film (typically through a porous wall section) and subtracting the extracted flow from the total 
flow to give the entrained flow. In churn flow, however, Hewitt et al (1969) showed that, the 
flow in the film flow changes direction with time. The liquid is carried upwards by large 
waves between which the flow reverses and travels downwards. The mechanism of churn 
flow is as sketched in Figure 2.17. Of course, there is net upwards transport in this regime but 
it is evident that the changes in direction in flow in the film would render invalid the 
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conventional film suction method for measurement of entrained fraction.  
 
 
Figure 2.17: Wave transport and flow reversal in churn flow (Hewitt et al, 1985) 
 
Wallis (1962) overcame this problem by using an iso-kinetic probe placed at the tube axis to 
collect the entrained droplets from that location. His results are shown in Figure 2.18. The 
entrained fraction decreases in churn flow and reaches a minimum at the churn to annular 
transition before starting to increase again in annular flow. This trend is remarkably similar to 
that of the pressure gradient in the same region, highlighted by Govan et al. (1991). 
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Figure 2.18: Variation of entrained fraction with gas velocity (Wallis, 1962) 
 
Barbosa (2002) carried out entrainment and pressure gradient measurements in air-water flow 
in a 32mm tube using a traversing iso-kinetic probe. He obtained a trend where the minimum 
entrainment occurs at 1* GU , coinciding with the criterion for flow reversal throughout the 
range of conditions investigated (with operating pressure of 2 bara and 3.6 bara and liquid 
mass fluxes ranging from 15 kg/m²s to 330 kg/m²s). In addition, Barbosa (2002) derived a 
prediction model to predict liquid entrainment at the onset of annular flow as shown in 
Equation 2.11: 
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where, %OAe  is the entrainment fraction, Td  is pipe diameter. He concluded that the 
correlation is in good agreement with experimental data and other sources with a reasonable 
accuracy for the following conditions 0.9 < UG
* < 1.3 , 33411  m (in 12  skgm ), 
2.533.1  p  (in bara) and 0508.00127.0  Td  (in m). 
 
A correlation for liquid entrainment rate and entrained fraction in churn flow was developed 
from the Barbosa data as part of the present project in collaboration with fellow-students 
Masroor Ahmad and Deng-Jr Peng; this correlation is described by Ahmad et al. (2010) and 
also in Chapter 5. This correlate on captures the decrease of entrained fraction with increasing 
gas velocity in the churn flow region. 
 
2.3.3 Components of pressure gradient in churn flow 
 
For a steady vertical flow, and assuming that the contribution of acceleration is negligible, the 
pressure gradient /dp dz  can be expressed in terms of the sum of three terms as follows:  
 
4 4
/ (1 )o oL L G G L L L Gdp dz d d
 
                      Equation 2.12 
 
Where o  is the wall shear stress, d  the tube diameter,  and L G   the holdups of the 
liquid and gas phase respectively and g  the acceleration due to gravity.  Govan (1990) 
measured L  using acrylic resin quick closing valves and also measured /dp dz  . He was 
therefore able to estimate o  for a range of conditions across the churn flow regime. Figure 
2.19 typifies the results obtained.  
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Figure 2.19: Components of pressure gradient in air-water flow in a vertical tube (Govan, 
1990) 
 
As will be seen, the wall shear stress becomes negative at low gas velocities signifying the 
entry into a slug type flow. At higher gas velocities, the wall shear stress becomes positive and 
remains so through the churn flow and into the annular flow region as the pressure gradient 
passes through a maximum. As part of the present study, new data of the type illustrated in 
Figure 2.19 were obtained for a wide range of conditions, though using pinch valves rather 
than acrylic resin quick closing valves. The results are given in Chapter 5.  
 
In the slug and churn regimes, the average value of wall shear stress is given as shown in 
Figure 2.19 but it should be noted that (in these regimes) the instantaneous value of wall shear 
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stress may fluctuate between positive and negative values. Ideally, the shear stress should be 
measured instantaneously and means for achieving this are discussed in Section 2.6 below.  
  
2.4 Measurement of liquid film thickness 
 
In annular flow, the measurement of liquid film thickness is of particular importance; 
Disturbance waves at the interface have a dominant role in the shear stress at the interface in 
annular flow. Measurements of wall shear stress underneath such waves are reported by 
Martin (1983) who made simultaneous measurements at the same locality of shear stress 
(using a hot film probe device) and film thickness (using a conductance probe device). The 
large film thickness associated with the disturbance waves also corresponded to a large wall 
shear stress. In this section, the available methods for measuring liquid film thickness are 
discussed. Further information on the earlier work on these techniques is given by Hewitt 
(1978, 1982).  The available methods can be classified under the following headings: 
(1) Film averaging methods. Here, the average value of the film thickness is determined 
over a significant length of the test section. 
(2) The needle contact method. 
(3) Methods based on conductance between probes mounted flush with the channel surface.  
(4) Twin –wire conductance method.  
(5) Light-based methods 
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2.4.1 Film averaging methods 
 
There are a number of methods which can be used to measure the average thickness of the 
liquid film in an extensive zone of the flow channel. These include the holdup method and the 
weighing method. The holdup method is one of the most widely used methods of measuring 
film thickness, for both falling and climbing film experiments. As the name suggests, the 
method simply isolates a section of the pipe, allowing the liquid in this section to drain and 
the liquid volume is measured. Since the length of the section and internal diameter of pipe 
are known, an averaged film thickness can be calculated. 
 
The main difficulty in implementing such a method is that the pipe section has to be 
instantaneously cut off at both ends. A popular development of this method is to have two 
valves operating at exactly in phase; the valves can be closed very rapidly. An example of the 
design can be found in Hewitt and Lovegrove et al. (1965). If proper attention to the design 
and operation of the device is performed, the hold-up method gives a very accurate and 
reproducible result. However, calculation of film thickness from the holdup is based on a 
fundamental assumption that the contribution of entrained droplets to the holdup is negligible, 
which might be questionable at high gas flowrate.  
 
The weighing method utilises the same principle as the hold-up method except the liquid film 
is being measured during the operation of the experiment. This measuring method is 
particularly useful for falling films and horizontal flows; it gives accurate results when there 
is no gas flow.  
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2.4.2 Needle contact method 
 
The principle behind the needle contact device is in fact very simple. The tip of the needle is 
brought up to the surface of the film and when the needle makes contact with the film surface, 
the distance between the needle’s tip and the solid boundary is recorded. The point of contact 
can be determined by either optical examination or by an electrical method. The electrical 
method is usually more reliable and accurate. It indicates the contact with the film via the 
passage of a current. 
 
Remarkably, the needle contact method was used as early as by Hope (1910) who measured 
the thickness of water and sugar solution layers in an inclined open channel. This method is 
relatively simple and proven to provide useful statistical information about the distribution of 
the liquid film. However it does not provide continuous information at all since it is a point 
method. 
 
2.4.3 Flush-mounted conductance probes 
 
In this class of methods, the conductance of a region of the liquid film is measured between 
probes flush with the channel wall. The use of such conduction probes are probably the most 
widely used form of method to measure film thickness. The thickness of the liquid film is then 
calculated by assuming the conductance is through a uniform layer around the perimeter of 
the tube. An early use of the film conductance method was made by Grimley (1946) who 
applied this method to study the structure of co-current flow of air/water mixtures in a packed 
tower. This method gives reproducible results on the study of climbing film flow of air/water 
mixtures and an investigation of the method is reported by Hewitt, King and Lovegrove 
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(1962). Probe types used in the localised film conductance method include two pin probes, 
ring probes, parallel strip probes, concentric probes and twin wire probes. In what follows, 
examples are presented of work using these respective types.  
 
Two pin probes. In this type of probe, the conductance is measured between two circular 
metal probes mounted flush with the (non-conducting – typically acrylic resin) tube wall. (see 
Figure 2.20. Two pin probes were used extensively in experiments by Hewitt, King and 
Lovegrove (1962), Collier and Hewitt (1964), Gill, Hewitt and Roberts (1969), Hewitt and 
Nicholis (1969), and Hall Taylor, Hewitt and Lacey (1963) Stainless steel probes with a 
diameter of 1/8 inch (3.18 mm) and a spacing (between probe axes) of ½ inch (12.7 mm) was 
used in all the tests. 
 
A characteristic of this type of device is that the response is linear for low film thickness and 
asymptotes to a constant value at high thickness. The closer the probes, the lower the 
asymptotic film thickness. The response of the admittance probes (both conductance of 
capacitance), is described in Section 10.2.2.2 of the “Handbook of Multiphase Systems” 
(Hetsroni, 1982). 
 
Ring probes. These rings, non-intrusive, flush mounted, probes were developed by Clark 
(2002) and were used by Sawant (2008). They are said to be very suitable for the 
measurements of very thin films (of the order of few microns). Schematics of these ring 
shaped conductance probes can be found in Sawant (2008). 
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Figure 2.21: Schematic of concentric probes 
 
Probes of the concentric type have been used by Azzopardi (1986), Chan (1990), Leskovar et 
al. (1979) and Wolf (1995).   
 
The calibration of concentric probes was addressed in detail by Chan (1990) who defined 
dimensionless parameters as follows: 
 
𝐺∗ =
𝐺
𝑐(𝑑2−𝑑1)
                             Equation 2.13 
 
  ℎ =
𝛿
(𝑑2−𝑑1)
                              Equation 2.14 
 
where, G is the measured conductance between the probes, c the specific conductivity of the 
liquid phase and   the liquid film thickness. Chan reports the modelling of the conduction 
in such a probe system; this was done using the CFD code PHEONICS and the results are 
fitted by the following polynomial relationships: 
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ℎ = 0.23791114𝐺∗ + 0.040041532𝐺∗2
+ 0.12861566𝐺∗3
+ 0.45472267𝐺∗4 
 
 
0 ≤ 𝐺∗ < 0.4617 
 
Equation 2.15 
 
ℎ = 37.633455𝐺∗ − 281.55124𝐺∗2
+ 794.24897𝐺∗3
− 994.47977𝐺∗4
+ 467.77149𝐺∗5 
 
 
 
0.4617 ≤ 𝐺∗ < 0.6413 
 
Equation 2.16 
 
ℎ = −1.2060856 + 2.4326923𝐺∗ 0.6413 ≤ 𝐺∗ Equation 2.17 
 
A special application of concentric probes is reported by Damsohn and Prasser (2008) who 
used a matrix of sensors with 64 x 16 measuring probes printed on a PCB (Printed Circuit 
Board) as shown in Figure 2.22. This board is then mounted flush to the pipe wall. 
 
 
Figure 2.22: Sensor matrix surface 
 
The device shown in Figure 2.22 suffers from the same non-linear problem as other flush-
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mounted conductance probe, i.e. the sensor becomes less sensitive with growing film 
thickness. As a result, for thick films, a saturation of the measured conductance is reached, 
which limits the range of the film thickness being measured. Damsohn and Prasser (2008) 
demonstrated a sampling capacity at 10kHz and despite the limitations of the sensor response, 
quite detailed information can be provide about interfacial structure as is illustrated in Figure 
2.23.  
 
 
Figure 2.23: Snapshots of liquid film with disturbance flow pattern 
 
The calibration methods of flush mounted probes have been described in Section 10.2.2.2 of 
the “Handbook of Multiphase Systems” (Hetsroni, 1982). 
 
2.4.4 Twin wire conductance method 
 
In this method, twin wires are mounted to span the diameter of the tube and, in the annular 
flow region, and conductance between the wires occurs in the film region. Thus, the measured 
total conductance gives an indication of the film thickness. In many applications, the two 
wires are lacquer-insulted over one-half of their length, so that the film on only one side of the 
pipe affects the response. This method has been applied extensively by Coney (1973) and 
Brown et al (1978). 
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The advantage of this method is that it does not interfere in any way with the hydrodynamics 
of the liquid film. In contrast to other methods described in this section, there is no need to 
add any dye or electrolyte to the circulated liquid to facilitate such measurements. However 
the use of photographic and associated methods depends largely on method of illumination, 
the position of the camera, and the depth of the focal plane. 
 
Regardless of camera type, both photographic and shadowgraph methods suffer from the 
fundamental conflicting requirements of needing a high shutter speed to capture the high 
speed event, and needing a low shutter speed to give an adequate exposure.   
 
Light absorption method. In this method a beam of light is shone through the film on one 
side, and then the intensity of the light beam on the other side is detected. The amount of light 
absorbed will be a function of the film thickness. Dye is usually added to the circulating 
liquid to increase absorption of the fluild. This method was used by Charvonia (1961) and 
Greenberg (1956); the main problem found was that the intensity of the light received by the 
detector can be reduced by other means than absorption, like being scattered and refracted. It 
was later proven by Hewitt and Lovegrove (1962) that, in the worst case, there was no 
difference between the signal obtained from the film to which dyestuff had been added and 
the signal obtained from the one without dyestuff; implying that the refraction and scattering 
effects were completely dominant. If this technique is applied, therefore, great care must be 
taken to ensure that these effects are not significant; it is doubtful if this can ever be 
completely achieved. 
 
Fluorescence methods. In these methods, a fluorescent dyestuff is added to the circulating 
liquid. The fluorescence in the liquid is excited using light of a different wavelength. Two 
approaches have been used to employ the fluorescent light emitted to investigate the film 
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characteristics. In the first method, the fluorescent and incident light beams are separated (for 
instance by a spectrometer) and the intensity of the fluorescent emission is measured. The 
amount of fluorescent light emitted increases with increasing film thickness and the local 
instantaneous film thickness can be determined.    
 
Hewitt, Nicholls and Lovegrove (1969) demonstrated that the fluorescent intensity method is 
a versatile and sensitive tool in studying many phenomena in liquid film flow; it can be used 
over a wide range of film thickness by adjusting the geometry and the concentration of 
fluorescence. The peak amplitude of disturbance waves was determined by Hewitt and 
Nicholls (1969) using a fluorescence technique of (the conductance probes used in early work 
tend to saturate at higher film thickness and do not give reliable information of peak 
amplitude). It was found that the amplitudes of disturbance waves were typically 5-6 times 
the mean film thickness. 
 
It should be noted that the main advantage of the fluorescence method is that it gives a good 
frequency response on a highly local area without any disturbance of the flow. In the second 
approach using fluorescence, the image of the film zone emitting the fluorescent light can be 
imaged and information gleaned about film thickness and film behaviour. Alekseenko et al. 
(2009) employed high-speed planar laser-induced fluorescence (PLIF) to observe the 
development of two types of waves in downward annular flows under entrainment and no-
entrainment conditions. The authors termed the first type ‘disturbances’ and ‘primary’ waves 
under entrainment and no-entrainment conditions, respectively, while the second type of 
waves was referred to as ‘secondary’. The latter waves were always found to occur on the 
back-slopes of the former and catch up with them under entrainment conditions; this no 
longer occurs in no-entrainment conditions. Schubring et al. (2010b, 2010c) also used PLIF to 
visualise the liquid film in vertical, upwards annular flow, and to show that its average 
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thickness increases with liquid flowrate and decreases with gas flowrate, while Kaji and 
Azzopardi (2010) examined the formation of disturbance waves in upward annular flow and 
showed that their speeds can be predicted successfully using existing correlations at low 
liquid flow-rates only. They found that the average film thickness where slug/churn and 
churn/annular transitions occurs increases with pipe diameter. On the other hand, pressure 
gradient and frequencies decrease. 
 
2.5 Axial View Photography 
 
In the axial view photography method, the flow is viewed at the end of the flow section in a 
direction opposite to the flow direction. Liquid present in the flow is prevented from 
impinging on the viewing window by having a flow through a viewing tube system which is 
in a direction opposite to the main flow. Axial view techniques have been very influential in 
advancing the understanding of two phase flows. The axial viewing technique has the 
advantage of allowing one to view the oncoming flow and to study the flow characteristic 
around the circumference of a tube without interrupting the flow line. The film development 
process along the pipe and droplet breakup and entrainment mechanism can be observed. 
Through quantitative image processing of the photographs, qualitative information like 
entrainment fraction inside a specific pipe can also be obtained. 
 
This technique has been successfully applied at ambient conditions (i.e. atmospheric pressure 
and room temperature) for both vertical multiphase flow systems (Arnold & Hewitt, 1967; 
Hewitt & Roberts, 1969; Suzuki & Ueda 1977; Whalley et al., 1977a and 1977b; Whalley et 
al., 1979; McQuillan et al., 1985; Govan et al., 1989; and Zeng, 2010).  The phenomena 
occurring in annular flows such as the droplet breakup and entrainment mechanism and the 
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transport in vertical annular flow has been studied intensively by previous researchers (e.g. 
Whalley et al., 1979), flooding in counter-current annular flow (McQuillan et al., 1985; 
Govan et al., 1991), and radial motion of droplets in the gas (Zeng 2010).  
 
There are three main axial-view techniques, conventional axial view photography for 
visualisation in a small depth of field, the laser shadowgraph optical system using the parallel-
light technique, and the stereoscopic axial viewing systems. The conventional axial view 
photography technique is used for the studies of wave development in this project. 
 
The axial viewing technique was first developed at the UK Atomic Energy Research 
Establishment, Harwell. Figure 2.26 illustrates the original device used by Arnold & Hewitt 
(1967). 
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Figure 2.26: Conventional axial view device used by Arnold & Hewitt (1967) 
 
This was used in two-phase air-water system, where the air is introduced at the bottom of the 
test section and water is injected through a porous wall sinter around the periphery. The 
photos of the vertical flow inside of the tube were taken between 1000 and 8000 frames per 
second depending on the intensity of the illumination. The main features of this design were: 
1) The two-phase mixture issued inside of the tube has minimum upstream disturbance 
effect of the flow during separation; 
2) The flat viewing window was kept clear of all impinging droplets by applying a stream 
of purge air perpendicular to the main flow direction.  
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With this technology, Roberts & Hewitt (1969) were able to discover that as the liquid 
flowrate increases, there was an increase of disturbance wave activity and an increase in 
droplet entrainment. However, the size distribution of the droplets in the gas core seemed to 
be independent of gas flowrate at a constant liquid flowrate. By varying the distance from the 
injector, Hewitt and Roberts (1969) observed that the disturbance waves are created by 
coalescence of smaller waves and they are circumferentially non-uniform; at a distance of 2.5 
inches (0.06m) from the injector. In this region, small amplitude disturbance waves occur and 
there is almost no droplet entrainment. Further downstream the waves were coherent around 
the tube periphery and more droplets were observed.  
 
The application of axial view photography to the study of flooding (i.e. the growth and 
transport of waves in counter-current two phase flow) is described by McQuillan, Whalley 
and Hewitt (1985)  
 
Reviews of the optical methods and various axial view systems were given by Hewitt & 
Whalley (1980), Zeng (2010) and Lecoeur (2013). 
 
2.6 Directional shear stress probes 
 
Wall shear stress is defined as the shear stress force per unit area of the channel periphery in a 
direction parallel to the flow and results from the motion of the fluid in the channel. It is an 
important parameter in a multi-phase flow system. The measurement of wall shear stress 
allows one of the components of the two-phase pressure gradient to be determined and 
measurement of the time varying shear stress allows much information to be gleaned about 
the nature of the flow, particularly in two-phase flows. The techniques for measuring wall 
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shear stress are reviewed by Hewitt (1978). The two most viable techniques are those 
involving diffusion controlled mass transfer or heat transfer from a short strip of material 
flush with the wall and placed normal to the flow direction. The heat transfer method is 
preferred in this case because, as Fortuna & Hanratty (1971) showed, the frequency response 
of a heat transfer probe is approximately 7 times that of a mass transfer probe. Govan & 
Hewitt (1988) also selected the use of heat transfer probes, noting that the mass transfer 
method requires the use of an additive, typically a ferri/ferro cyanide mixture. 
 
 
Figure 2.27: Directional Shear Stress Probe 
 
In an annular flow, the shear stress is usually in one direction, namely in the direction of flow. 
However in slug flows (McQuillan and Whalley, 1985) and churn flows (Hewitt et al, 1985), 
the wall shear stress can be negative either on average (slug flow) or can reverse periodically 
in direction (slug flow and churn flow). What is required, therefore, is a method which can 
detect not only the magnitude but also the direction of wall shear stress. Such a directional 
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wall shear stress probe was developed at the UKAEA Harwell laboratories in the 1980’s and 
the principle of its operation is shown in Figure 2.27. 
 
The probes were made by depositing a thin nickel film onto a flexible polyamide substrate 
and covered with a further layer of quartz between 0.5 and 2 µm to protect the probes from 
electrolytic attack. The centre probe (probe 3) is used to measure the wall shear stress and one 
of the two outer probes (probe 1 or 5) used to provide temperature compensation. Their 
dimensions are such that the thermal boundary layer is always thinner than the laminar sub-
layer of the momentum boundary layer (Martin, 1983). The direction of the fluid is measured 
by the slight difference in resistance between the probes upstream (probe 2) and downstream 
(probe 4) of the shear stress probe (probe 3).  
 
The probe is heated to a constant temperature (CTA) and, this heat has the same magnitude as 
the heat lost from the probe as a result of conduction and convection to the fluid. Anemometer 
is used to adjust the supply voltage to the probe to main a constant temperature and thus 
constant resistance. The voltage required is an indication of the local heat transfer as below: 
 
?̇? = 𝛼𝐴(𝑇𝑝 − 𝑇∞) =  
𝑉2
𝑅𝑝
                   Equation 2.18 
 
Where, ?̇? is the required heating power  
  α is the heat transfer coefficient 
   A is the area used for heat transfer 
  𝑇𝑝 is the probe temperature 
  𝑇∞ is the temperature of the fluid outside of the thermal boundary layer on the probe 
  V is the anemometer output voltage 
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  𝑅𝑝 is the probe resistance 
 
The relationship between the measured voltage and wall shear stress is: 
 
3
1
2
wbaV                             Equation 2.19 
 
where,   a & b = constants found by calibration 
           V = Anemometer output voltage (Volts) 
             𝜏𝑤= Wall shear stress (N/m
2) 
 
A wheatstone bridge is the main component of an anemometer circuit, Figure 2.28. The shear 
stress probe is connected to one of the Wheatstone bridge arms. If the film velocity increases, 
it will lead to an increase in the wall shear stress, therefore, an increase in the heat transfer 
coefficient. As a result, the probe temperature will decrease and causes a marginal decrease in 
the probe resistance, which feeds this disturbance into the circuit and initiate an increase in 
the supplying voltage  
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Figure 2.28: Wheatstone bridge and the principle of Anemometry 
 
Govan et al. (1988) calibrated shear stress probes using both two-phase and single phase 
flows. They found that the two-phase flow and single-phase flow calibrations gave reasonably 
consistent results. 
 
It was intended that directional wall shear stress probes be used in the present study. However, 
in the event this did not prove possible. But the use of such probes is strongly recommended 
for future work (see Chapter 7) and it is for this reason that a description has been included 
here.   
 
2.7 Pressure drop measurement 
 
Pressure drop in multiphase flow systems has been extensively studied. There are two general 
models available for predicting frictional pressure drop – the homogeneous fluid model and 
the separated flow model. In the homogeneous model, it is assumed that the two fluids are 
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homogeneously mixed and that the two fluids travel at the same velocity. Thus, the assumed 
fluid is equivalent to a single phase flow where average properties are assigned which are 
some form of average of the properties of the gas and the liquid. For the separated flow model, 
it is assumed that the velocity of each phase is constant in any cross-sectional area but that the 
velocities of the respective phases may be different. The separated flow model is widely used 
in multiphase flow analysis.  
 
The total pressure drop of fluids is the net force applied in the direction of flow. By applying a 
momentum balance across a small element of pipe, the total pressure drop is given as the sum 
of static pressure drop (gravitational), momentum pressure drop (acceleration) and the 
frictional pressure drop. An overall equation that in principle can be used in many cases is 
written in Equation 2.26 below:  
 
−∆𝑃 = ∫ (
4𝑓
𝐷
𝑚2̇
2𝜌𝑖
∅2)𝑑𝑧
𝑍2
𝑍1⏟            
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝
+∫ {[𝜀𝑔𝜌𝑔 + (1 − 𝜀𝑔)𝜌𝑖]𝑔𝑠𝑖𝑛𝛽}𝑑𝑧
𝑍2
𝑍1⏟                      
𝐺𝑟𝑎𝑣𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝
 
+ ?̇?[
𝑥𝑔
2
𝜀𝑔𝜌𝑔
+
(1−𝑥𝑔)
2
(1−𝜀𝑔)𝜌𝑖
]𝑍1
𝑍2
⏟            
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝
   
Equation 2. 20 
 
 
where, 𝑓 is the friction factor, ṁ is the mass flux, ∅2 is two-phase multiplier, 𝜀𝑔 is the 
void fraction, 𝛽 is inclination from horizontal, 𝑥𝑔 is quality. With the separated flow model, 
relationships are required for the pressure drop multiplier and for the void fraction. A review 
of such relationships is given by Hewitt (2000). 
 
The homogeneous model is intrinsically simple and still attracts attention. For instance, 
Shannak (2008) proposed a new homogeneous-type prediction model for frictional pressure 
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drop in two-phase flow in pipes. This model was tested on existing experimental data as well 
as on other data covering a wide range of fluid systems with various operating conditions and 
geometrical parameters. Shannak (2008) concluded that this model gives the best in 
agreement with the data and is sufficiently accurate for engineering proposes. The pressure 
gradient is obtained from: 
 
m
m
d
l
fP
2
2

                        Equation 2. 21 
 
where 𝑙 is the length of the pipe, 𝑑 is the diameter of the pipe, 𝑓 is the friction factor for 
Newtonian fluids, 𝜌𝑚 is the density of the mixture, ?̇? is the mass flux of the mixture and 
which is defined as the average density of the mixture in homogenous model as follows: 
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                     Equation 2.22 
 
𝑥 is the vapour quality which is defined as the ratio of the mass flux of gas and of the mixture. 
A new definition of two-phase flow Reynolds number Re(2ph) is provided by Shannak (2008) 
as shown in Equation 2.29. 
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                Equation 2.23 
Shannak suggests that the friction factor for use in Equation 2.27 should be calculated from 
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standard single-phase friction factor relationships for the Reynolds number defined by 
Equation 2.29 and for the pipe relative roughness d
 . For instance, the friction factor can be 
calculated from the relationship of Chen (1979):   
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      Equation 2.24 
 
Shannak (2008) also pointed out that Equation 2.30 is an explicit equation; the two-phase 
friction factor is valid for all the fluid pairs in Table 2.2 with a two-phase Reynolds 
numberRe(2ph) ≥ 11. 
 
Table 2.2: Valid two-phase flow mixtures for the proposed friction factor – Adapted from 
Shannak (2008) 
Mixture type I Mixture type II Mixture type III 
Gas Flow Liquid Flow Gas Flow Liquid Flow Gas Flow  Liquid Flow 
Laminar Laminar Transient Laminar Turbulent Laminar 
Laminar Transient Transient Transient Turbulent Transient 
Laminar Turbulent Transient Turbulent Turbulent Turbulent 
 
For the tests performed as part of the present project, differential pressure measurements were 
performed using pressure tapping points were installed 1095mm apart along the test section,   
 
The Data Acquisition System converts signals to pressure readings at each location by an 
equation of the following form: 
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𝑃 = (
𝑃ℎ𝑖𝑔ℎ−𝑃𝑙𝑜𝑤
𝑉ℎ𝑖𝑔ℎ−𝑉𝑙𝑜𝑤
) (
𝑅𝑒𝑎𝑑𝑖𝑛𝑔
409.6
−
𝑂𝑓𝑓𝑠𝑒𝑡 𝑅𝑒𝑎𝑑𝑖𝑛𝑔
409.6
) + 𝑃𝑎𝑡𝑚           Equation 2.25 
 
Where highV  and lowV  are the highest and lowest voltage reading respectively. For 
differential pressure, the equations are similar. Prior to each experimental run, it is necessary 
to take a pressure offset readings. This is achieved by taking measurements at zero flow 
conditions when the tube is empty and full of water. Any presence of air bubbles in the 
tapping line can result in spurious readings. Therefore, it is necessary to carefully purge the 
tapping lines before any pressure gradient measurements. 
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CHAPTER 3 
EXPERIMENTAL METHODOLOGY 
 
In this chapter, the flow loops and measurement techniques used in the present work are 
described. In Sections 3.1, details are given of the LOng TUbe System (LOTUS) facility 
which was used in the early part of the work, and specifically for axial view photography of 
churn and annular flow. Unfortunately, rebuilding work in the Department had the 
consequence that the LOTUS facility had to be dismantled. It was thus necessary to build a 
(much shorter!) air-water flow facility for the study of wave development in annular flow and 
this equipment and the experimental methods used on it are discussed in Section 3.2.  
 
3.1 Work on the LOTUS facility 
 
The first set of measurements was carried out using the LOTUS (LOng TUbe System) rig 
(now demolished) at the Department of Chemical Engineering, Imperial College London. The 
LOTUS facility was first designed and built at UKAEA (UK Atomic Energy Authority) 
Harwell in the 1960s to study air-water gas-liquid flow in a vertical pipe system. The original 
facility had a test section of 0.0328 m diameter and 22 m length.  This rig was moved to 
Imperial College London in the early 1990s. Height restrictions in the Pilot Plant laboratory 
restricted the test section length of the relocated rig to around 10.41 m. The test section was 
originally manufactured using flanged copper tube sections, but Maarof (2008) installed an 
acrylic test section to assist in experimental visualisation (e.g. axial view visualisation).The 
LOTUS test section that was used in the present work was a flanged 10.41 m long acrylic 
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resin (Perspex™) tube with an inner diameter of 0.0328 m. A schematic flow sheet of LOTUS 
is shown in Figure 3.1. 
 
 
Figure 3.1: Schematic diagram for LOTUS 
 
In what follows, Section 3.1.1 describes the liquid and gas flow rate measurement systems 
used on LOTUS and Section 3.1.2 describes the system used for axial view photography.  
 
3.1.1 LOTUS gas and liquid flow rate control systems 
 
Air and water are fed from the main college supply and from a water-gas separator tank 
respectively. The two-phase air-water mixture issuing from the test section is fed to the 
separator tank, from which the air is discharged to atmosphere and the water recirculated. 
Table 3.1 lists the conditions of the available air and water supplies.  
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Table 3.1 : Main college air and water supply range 
Properties Mass flux (kg/m2 s) Pressure (bar) 
Air 63 6 
Water 119 1 
 
The air flow rate is measured by one of two orifice plates with diameters of 2-inches or 3-
inches and water is circulated using two centrifugal pumps and the water flow rate was 
measured using a bank of four parallel rotameters as shown in Figure 3.2. 
 
 
Figure 3.2: LOTUS control panel 
 
In the experiments described here, the 2-inch orifice plate system was used since this is the 
most suitable for measuring churn flow. The air flowrate ranges used by previous researchers 
on LOTUS are given in Table 3.2. These were used as a reference range for the experiments 
described in this report. 
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Table 3.2: Air flowrate range by Watson (1999) and Al-Darmaki (2005) 
Orifice plate size Air mass flux/kg m-2 s-1 Air flowrate/kg s-1 
2 inch orifice plate (50.8 mm) 1 to 7 0.0001 to 0.0061 
3 inch orifice plate (76.22 mm) 7 to 22 0.0056 to 0.0188 
 
The markings on the rotameters give the percentage of the maximum flow rate measurable by 
the rotameter and are correlated to the mass flux through the test section. Table 3.3 shows the 
conversation equations used for water flowrate calculation. 
 
Table 3.3 : Conversation equations for the rotameter bank 
Rotameter A 
ṁL = −1.477 × 10
−4X2 + 0.4822X + 0.1207 
Rotameter B 
?̇?L = −1.17930 × 10
−6X4 + 2.42474 × 10−4X3 − 1.81057 × 10−2X2 + 6.21768X
+ 5.74985 
Rotameter C 
?̇?L = −1.30956 × 10
−6X4 + 3.38344 × 10−4X3 − 2.97261 × 10−2X2 + 6.67589X
− 0.52387 
Rotameter D 
?̇?L = 8.512 × 10
−3X2 + 17.458X + 2.919 
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3.1.2 Axial View Photography 
 
Axial view photography is a powerful technique that can give clear insights into the 
mechanisms of the annular and churn flow regimes. The axial view photography technique 
was first reported by Arnold and Hewitt (1967). Later developments in this technique were 
reported by Hewitt and Whalley (1980), Badie (2000) and Lecoeur (2013). The axial view 
device used in the present experiments is illustrated in Figure 3.3. The flow is diverted away 
from the window at the top of the test section and this window is kept free of liquid by 
purging air over the window and down through the associated viewing tube. 
 
  
Figure 3.3: Schematic diagram of the original design (left) and photograph of the axial 
viewer device on LOTUS (right) 
 
The left hand side of Figure 3.3 shows the axial view device as originally deployed, i.e. with 
the camera placed vertically above the device for direct viewing of the flow at the plane of 
focus. In the present experiments (as shown in the left hand side of Figure 3.3), a mirror 
holder was placed on top of the axial viewing device. This mirror reflects the image with a 90º 
Purge Air 
Mixture 
outlet 
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angle towards the camera. An Olympus high-speed video camera (iSpeed 3) and lens (Tarcus 
TV Zoom Lens 1:2/[11.5-90]) were fixed perpendicularly to the mirror holder. The 
positioning was then adjusted so that the camera focuses on the centre of the pipeline. As 
shown in Figure 3.4, two light sources were used to improve the image contrast and provide 
better illumination plane. The illumination plane was adjusted to minimise the back flow 
effects from the purge air in the axial viewer section. The pictures were recorded at 2000 fps 
and processed on a computer terminal so that they could be played back at different speeds. 
For the axial view experiments, gas was fed to the bottom of the test section and the water 
was introduced around the periphery of the tube through a porous wall section which was 
0.095m long. The gas-liquid mixture was then passed vertically upwards through the test 
section and through the axial viewing device before passing to the separator, from which the 
air was discharged to atmosphere and the water recirculated.  
 
To the present author’s knowledge, the axial view technique had not been used previously for 
a systematic study of churn flow and one of the main outcomes of the present work was the 
use of the axial view technique to establish clearly that there is a continuous gas core in churn 
flow. Further details are given in Chapters 5 and 6.  
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Figure 3.4: Schematic diagram of experiment set-up for visualisation of churn flow 
 
3.2 New air water flow facility 
 
In order to continue the studies of upward gas-liquid flow in a vertical pipe, a new air-water 
facility was constructed in Laboratory 111 in the Department of Chemical Engineering in 
2009 to replace the dismantled LOTUS facility. To shorten the construction period, most part 
of the newly constructed rig was recycled from LOTUS. However, the rig is constructed and 
mounted on a sliding framework which in turn provides great flexibility for a wider range of 
experimental setups. The laboratory ceiling height limited the rig height to be 4 m maximum. 
A schematic flow sheet of the new facility is shown in Figure 3.5. By placing probes 1-4 
stationary near the inlet, probes 5-8 can be moved along the test section by changing the 
length of the flanged acrylic resin section between them. This in turn allows the study of the 
wave development along the flow direction. 
  
???
?
?
?????????????????????????????????????????????????????????????????
?
3.2.1? Gas-liquid control system 
?
????? ???? ???? ????????? ?????? ???? ????? ?????????? ??????????? ????? ?? ????????? ??????? ?????????
????????? ?????????? ???????????????? ??????? ?????????? ???????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????
?????????????????? ?????????????????????????????????????????????????????????????????????????????
?????????? ????????????? ??? ??????????????? ?????????? ????? ??? ????????? ??? ????? ???? ???? ????
?????????????? ????? ??????????? ????????????? ??? ?? ????????????? ????????????? ????? ???????????
???????????????????????????????
?
?????????? ???? ??????? ????? ??? ??????????? ???????? ?? ??????? ????? ????????? ??? ???? ????????
??????????????????????????????????????????????????????????????????????????????????????????????
??????????? ????? ????? ??? ????????? ?????? ????? ?? ????? ????????? ???????? ????? ??????? ????
6
1 2
5
7
8
3
4
Water 
inlet?
Air 
inlet?
85 
 
periphery and would also allow the film to be introduced at a specific location. Conical 
injection systems of this type are used for this reason in industrial practice, for instance, the 
manufacture of detergents. 
 
 
Figure 3.6: Schematic diagram and photo of the liquid injection section 
 
3.2.2 Film thickness measurement technique 
 
The main quantity being measured in the experiments was the liquid film thickness,𝛿, for 
which a variety of techniques are available; these are reviewed in Chapter 2. Perhaps the most 
widely employed technique has been the use of conductance measurements between 
electrodes manufactured to be flush with the inside surface of the tube Though convenient and 
inexpensive, this type of method has certain disadvantages, which include the fact that the 
measured film thickness is an average over the spatial region of influence of a probe, and that 
conductance probes of this kind have the natural limitation that for large film thicknesses, the 
response becomes more insensitive to the film thickness. The conductance measured between 
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the electrodes of the probes increases with film thickness, but asymptotes to a constant value 
as the film thickness gets larger; the smaller the probe, the smaller the linear region. Thus, 
selecting these probes for this kind of measurement is a matter of optimising the localisation 
of the measurement and the ability to measure thick films. Thus, there is a balance to be 
struck between the localisation (or the spatial resolution) of the measurement (which implies 
probes which are closely spaced) and the need for an adequate response at high film 
thicknesses (which implies larger spacing of the probes). In addition, it was important to 
minimise interference between the probes in the present study and this requirement led to the 
choice of concentric probes (see Chapter 2) with earthed outer rings.  More accurate point 
values of film thickness can be obtained using the fluorescence technique (see for instance the 
original work of Hewitt and Nicholls (1969), Alekseenko et al. (2009), Schubring et al. 
(2010b, 2010c), and the recent efforts by Morgan et al. (2012a, 2012b) in a horizontal two-
phase (liquid-liquid) flow, Farias et al. (2012) in a horizontal annular two-phase (gas-liquid) 
flow, and Zadrazil et al. (2012) in a downwards gas-liquid annular flow). However, the 
emphasis in the present work has been on having simultaneous measurements of film 
thickness at four positions around the tube periphery in order to evaluate the growth of 
circumferential coherence in the interfacial structure. For this purpose, the use of concentric 
conductance probes is much easier to implement.  
 
The concentric probes used in the present experiments are illustrated in Figure 3.7. Note that, 
two such sections (each featuring a set of four probes) were used in our experiments, one with 
the probes numbered 1-4 shown in Figure 3.7, and a second identical section (not shown here) 
with probes numbered 5-8. The distance between the probe sections containing the embedded 
sets of probes could be changed by changing the length of the flanged acrylic resin section 
between them this allowed correlation between the signals from the probes to be investigated 
not only in the circumferential direction but also in the axial direction. In the probes used, the 
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central pin was 3.2 mm in diameter and the outer ring had an internal diameter of 13.2 mm 
and an outer diameter of 13.4 mm. The surface of the probe was machined during 
manufacture so that it was flush with the inside surface of the 0.0345m tube. A special flanged 
section held the conductance probes and four such probes were placed around the periphery at 
an equal 90º circumferential spacing. The advantage of the revised “concentric” design shown 
in Figure 3.7 is that all outer rings can be maintained at earth potential. This minimises the 
interference between the four probes around the pipe circumference and allows local 
measurements to be made. 
 
 
 
Figure 3.7: Schematic diagram and actual concentric probes 
 
The conductance of the liquid film across the probes was measured using a custom designed 
and built electrical circuit as shown in Figure 3.8.  
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By replacing the conductance probe with a series of fixed resistors, the relationship between 
conductance (G) and voltage (V) could be established. This relationship was fitted using a 3rd 
order polynomial as is illustrated in Figure 3.9. 
 
 
The measured conductance was converted into a non-dimensional conductance G* via the 
relationship, 
 
 G*  =  
G
c (d2 − d1)
                         Equation 3.1 
  
Where, c is the specific conductivity (S/m) of the liquid phase, 1d  the diameter of the inner 
electrode (0.0032 m) and 2d  the diameter of the inner surface of the outer ring (0.0132 m). 
To enhance the conductance of the liquid (aqueous) phase, potassium nitrate was added to the 
circulating water with a concentration of 0.594 kg/m3. The specific conductivity of the liquid 
was measured using a JENWAY PTI-18 digital conductivity meter and found to be  
8.32×10-2 S/m. 
Figure 3.9: Relationship between conductance and voltage 
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Probes of similar geometry to those shown in Figure 3.9 were used by Chan (1990), who 
related G* to a non-dimensional film thickness h that is defined as, 
 
  h  =  
δ
d2 − d1
                                Equation 3.2 
 
where, δ is the (dimensional) film thickness. The conductance between the electrodes was 
calculated by using a CFD code (PHOENICS), which allowed a polynomial relationship 
between h and G* to be obtained as follows (to 4 decimal points). This relationship was given 
in Chapter 2 and is as follows:  
 
ℎ = 0.23791114𝐺∗ + 0.040041532𝐺∗2
+ 0.12861566𝐺∗3
+ 0.45472267𝐺∗4 
  
 
0 ≤ 𝐺∗ < 0.4617 
 
Equation 3.3a  
 
ℎ = 37.633455𝐺∗ − 281.55124𝐺∗2 +
794.24897𝐺∗3 − 994.47977𝐺∗4 +
+467.77149𝐺∗5  
 
 
 
0.4617 ≤ 𝐺∗ < 0.6413 
 
Equation 3.3b  
 
ℎ = −1.2060856 + 2.4326923𝐺∗ 0.6413 ≤ 𝐺∗ Equation 3.3c  
 
In order to confirm this relationship, Chan (1990) conducted a number of calibration tests by 
placing liquid films of known thickness formed from liquids of various known conductivity 
adjacent to the sensors. Films of known thickness were obtained by using precisely machined 
acrylic resin components and placing these adjacent to the sensors so that the distance 
91 
 
between sensor and the machined component was known. The liquid conductivity was varied 
by using water with a varying concentration of salt) over the sensors. Good agreement was 
found between the resulting calibration data and the relationship in Equations 3.3 (Figure 
3.10).  
 
 
Figure 3.10: Calibrations of the present probe using different salt content vs. the 
polynomial relationship 
 
In the present work, an extended series of further calibration tests were performed in which, 
having selected the salt concentration in our aqueous solution, liquid films of varying and 
known thickness where placed over all eight sensors, again by employing a set of machined 
tube inserts (i.e. the “plug method” described in Chapter 2).  
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Figure 3.11: Calibration data of the present probe 
  
The calibration data obtained in the present project is plotted in Figure 3.11 for probes 1-4 and 
the data are also shown in Figure 3.12 plotted in dimensional form. The bar on Chan’s curve 
is corresponding to a 5% deviation is also shown in Figure 3.12 and this demonstrates that for 
larger film thickness, the data generally fall within the 5% deviation whereas, as the thickness 
decreases, the corresponding error increases. The error is larger when calibrating a very thin 
film, this was probably due to the inaccuracy in the rod manufacturing process; it is extremely 
difficult to machine perfectly concentric rods and this can give a variation of film thickness in 
the calibration cell which is reflected in the calibration curve, particularly at small film 
thickness. Also, during calibration, it is also challenging to ensure the film is free of air.  
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Figure 3.12: Calibration of each probe with standard deviation 
 
From the present calibration tests the following conclusions can be drawn: 
(1) The calibration results show general consistency with Equations 3.3 (and thus with 
the calibrations performed by Chan (1990)).  
(2) In the present calibration work, the machining of the “plugs” was subject to errors of 
diameter and concentricity which were most significant for the smallest film 
thickness. 
 
In the light of these conclusions, a decision was made to use Equations 3.3 as the basis for 
relating film thickness to measured film conductance and (as will be seen in Chapter 4) this 
produces consistent results.  
 
An error analysis was also performed and it was found that the film thickness was measured 
with a total experimental uncertainty of ±1-3% at long distances from the inlet (independent 
of gas and/or liquid flow-rate), ±8-12% at short distances at low liquid flow-rates, and ±6-9% 
at short distances at high liquid flow-rates (within our range of investigated conditions). 
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3.2.3 Pressure measurement 
 
In addition to the measurements on the liquid film, measurements were made of the pressure 
gradient by measuring the pressure difference (using a Rosemount 3051 pressure transducer) 
between the pressure tapings whose position depended on the layout of the test section but 
which was typically 0.47 m. The principle of using a Differential Pressure (DP) cell is 
illustrated in Figure 3.13. Applying a force balance around the system, the following 
relationship can be derived:  
 
∆𝑃∗ = ∆𝑃 + ∆𝑧𝜌𝑔                     Equation 3.4 
                      
Where: ΔP* is the pressure difference reading from the DP Cell. 
 ΔP is the pressure difference between two points 
 Δz is the distance between two points 
ρ is the density of the fluid in the pressure tapping line (in the present experiments,   
silicone fluid was used) 
 g is the acceleration due to gravity 
 
The pressure transducer operating rage is flowrate dependent, for the experiments described 
in this thesis, the differential pressure transducer operating range selected was -0.5 barg to 
+0.5 barg.  
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Figure 3.13: Principle of the pressure transducer 
 
3.2.4 Void fraction measurement  
 
Void fraction can be measured through various methods (reviewed by Hewitt 1982). In his 
study of churn flow characteristics, Govan (1990) used a pair of manually operated quick 
closing valves (see Chapter 2). Though these are known to give quite accurate results, they 
suffer from the disadvantage that the lever system for simultaneous operation of the valves 
has to be changed every time the distance between the valves is changed. Thus, in the present 
work, pneumatically operated quick closing (pinch) valves (32mm AKO socket Pinch Valve 
type VMF) were used. By connecting the outside of the valves to the compressed air supply, 
the valves can be closed simultaneously when the compressed air supply is connected to the 
valves. This allowed the trapping of the liquid phase present in the tube between the valves 
and hence the determination of the liquid fraction in test section. The void fraction is 
determined by difference to the total trapped volume the valve details are shown in Figure 
3.14. 
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Figure 3.14: Photo and Schematic diagram of the pinch valve 
 
These valves were installed in line with the inner pipe wall to provide a non-intrusive 
measurement. The body of the valve is made of aluminium with PVC sockets, these sockets 
were screwed into the tongue and groove flanges at both ends of the valve, and they could be 
placed as part of the test section when needed. 
 
When the compressed air supply is connected to the valve, an increase in localised pressure 
(to gas supply pressure) forces the diaphragm sleeve compartment to seal to block the flow. 
The mechanism is shown in Figure 3.15. The liquid content of the test section (between two 
valves) is determined by observing the liquid level after valve closure. At low water flow, the 
level does not rise above the top of the valve. In this case, a known amount of liquid was 
added through a pipette to the test section to bring the liquid level into the clear pipe to which 
a measurement tape was attached to the pipe wall. Measurement of the liquid level allowed 
the liquid volume trapped between valves to be determined, after correction for any liquid 
added to bring the measurement volume into the measurement range, the volume of liquid 
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present in the flow can be determined. This allows calculation of the liquid phase fraction and 
hence the void fraction.  
 
  
Figure 3.15: Pinch valve operating mechanism 
 
The total liquid content in the pinch valve can be obtained prior to any experiments, and the 
liquid trapped inside the body of the pinch valve which was invisible can be calculated by 
adding a finite amount of liquid to the test section using a burette. 
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CHAPTER 4 
DEVELOPMENT OF DISTURBANCE WAVES 
 
In fully-developed annular gas-liquid flow, a dominant phenomenon is the existence of large 
disturbances in the liquid film which travel at the interface between the liquid film and the 
core gas flow. The name disturbance wave was given to these characteristic waves by Hall 
Taylor and Hewitt (1962). Disturbance waves are of the order of the tube diameter in length in 
the direction of flow and have an amplitude of the order of 5-6 times the film thickness 
(Hewitt and Nichols, 1969) They travel at a velocity much greater than the mean velocity of 
the liquid film (Hewitt, 1970). There appears to be a critical liquid film flow rate below which 
disturbance waves do not exist and, since disturbance waves are usually an necessary 
condition for droplet entrainment in high velocity annular flow, this critical liquid film flow 
rate also appears to be one below which droplet entrainment does not occur.  
 
The literature on annular flow in general and on disturbance waves in particular was reviewed 
in Chapter 2. The origin of disturbance waves is still a matter for debate but Martin and 
Azzopardi (1985) note the similarity of turbulent burst frequency and initial disturbance wave 
frequency. CFD studies by Jayanti and Hewitt (1997) suggest that the disturbance wave is a 
region of turbulence flowing over a laminar substrate film. It is tempting, therefore, to equate 
the disturbance wave phenomenon to one of the development of zones of turbulence in the 
liquid film. If this were the case, then the initiating event could be a turbulent burst in the 
liquid film at a random circumferential position. This would produce an interfacial 
disturbance, which could be measured using conductance probes. However, it is known that 
fully developed disturbance waves are coherent around the tube periphery – that is, they travel 
as ring-like structures. The measured frequency of the interfacial disturbances is known to 
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decrease with distance in the entrance region and to eventually reach a constant value 
independent of length (Martin and Azzopardi, 1985. Hall Taylor and Nedderman 1968). What 
was not known was the extent to which these interfacial disturbances were circumferentially 
coherent (“ring-like”) at any given position and the major objective of the work described in 
this Chapter was to investigate this.  
 
In what follows, Section 4.1 presents the range of conditions studied and Section 4.2 presents 
data for mean quantities (film thickness and pressure gradient). Section 4.3 discusses the 
results obtained from the measurements of time-varying film thickness (the most important 
results presented in this thesis) and, finally, Section 4.4 summarises the conclusions from the 
work.  
 
4.1 Range of conditions covered  
 
Table 4.1 shows the experimental conditions investigated in the present experiments in terms 
of the liquid and gas flow-rates and also the corresponding liquid film and gas Reynolds 
numbers (ReL and ReG, respectively) and the distances at which these measurements were 
made from the inlet (L). The liquid and gas Reynolds numbers are based here on the bulk flow 
speed (i.e. volumetric flow-rate averaged over the flow cross-sectional area) in the liquid and 
gas phases, UL and UG respectively, which are defined explicitly in Table 4.1. The 
characteristic length scales used in the two definitions are the mean liquid film thickness δ 
(for ReL) and the tube internal diameter D (for ReG). Note that for the gas phase this definition 
of ReG is similar to that based on the superficial gas velocity (i.e. volumetric gas flow-rate 
averaged over the entire tube cross-sectional area, 4QG/πD
2) and the tube diameter D, 
however, for the liquid phase this definition of ReL is four times smaller than that based on the 
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superficial liquid velocity (i.e. volumetric liquid flow-rate averaged over the entire tube cross-
sectional area, 4QL/πD
2) and the tube diameter D. In all the experiments, the outlet pressure 
was atmospheric and the liquid temperature was typically close to room temperature (around 
25 °C). 
 
Table 4.1: Matrix of investigated experimental conditions at various distances from the inlet 
where the probes where positioned. The pipe diameter is 34.5 mm. 
Measurement distances from the inlet L (m)  
0.15 0.26 0.43 0.62 0.71 0.92 2.00 
Dimensionless measurement distance from the inlet L/D (-)  
4.3 7.5 12.5 18.0 20.6 26.7 58.0 
Matrix of investigated experimental conditions  
QL (L/min) 0.35 0.5 0.75 1.00 - 
𝑅𝑒𝐿 = 𝜌𝐿𝑈𝐿𝛿̅/𝜇𝐿[=
𝜌𝐿𝑄𝐿
𝜋𝐷𝜇𝐿
; 𝑎𝑛𝑑 𝑈𝐿 =
𝑄𝐿
𝜋𝐷𝛿̅
(𝑚 𝑠⁄ )] 
211 302 452 603 - 
QG (L/min) 1050 1350 1650 1950 2250 
𝑈𝐺 =
4𝑄𝐺
𝜋𝐷2
⁄ (𝑚 𝑠⁄ ) 
18.7 24.1 29.4 34.8 40.1 
𝑅𝑒𝐺 =
𝜌𝐺𝑈𝐺𝐷
𝜇𝐺
 [= 4𝜌𝐺𝑄𝐺/𝜋𝐷𝑈𝐺]  (× 10
3) 43.5 56.0 68.4 80.9 93.3 
 
Even with the restricted matrix shown in Table 4.1, a large number of experimental data 
points cover a wide flow regime were generated in the experiments.  
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4.2  Time averaged quantities 
 
Time averaged values of the film thickness and also of the pressure gradient were obtained 
and are presented and discussed in this Section. The evolution of the mean film thickness in 
the pipe is shown in Figure 4.1 for two different liquid film Reynolds numbers, 211 and 601 
respectively.  
 
 
Figure 4.1: Local time-mean film thickness averaged over the circumference at an axial 
measurement station as a function of distance from the inlet, both normalised by the pipe 
diameter D, for a liquid Reynolds number of: (a) ReL = 211; and (b) ReL = 603, at various 
gas Reynolds number 
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The plot in Figure 4.1(a) was generated for subcritical conditions (ReL = 211), in which 
disturbance waves are not observed while the plot in Figure 4.1(b) is for conditions with a ReL 
value (ReL = 603) which is above the critical threshold for the same range of gas Reynolds 
numbers ReG. The film thickness results are averaged over the four probes around the pipe 
circumference at the plane corresponding to each axial station. The mean film thickness and 
the axial length from the inlet are normalised by the pipe diameter D. It can be seen in this 
figure that, for a given liquid flow-rate (and hence for a given liquid Reynolds number ReL), 
an increase in the gas flow-rate, or ReG, gives rise to thinner films. The similarity of the 
observed trends across the flows with different ReG, which originate from separate 
experimental runs, suggests that the results are affected negligibly by noise or other 
experimental uncertainties. The results show that the mean film thickness varies in quite a 
complex way with distance with the results for the lower film flow rate behaving somewhat 
differently to those for the higher flow rates. It is not yet possible to advance explanations for 
these detailed trends, though it is evident that the phenomena in this entrance region are 
consistent over the range of gas flow rates investigated. It was also found that for a given ReG 
the mean film thickness at a given axial position increased monotonically with ReL, as 
expected from all previous studies of similar flows (e.g. Schubring et al. (2010b, 2010c), and 
others). 
 
In Figure 4.1, the normalised mean film thickness shows evidence of development up to a 
length of between L/D ~ 20 (for the flow with ReL = 211) and L/D ~ 25 (for ReL = 603). It is 
interesting to note that the liquid flow in the subcritical case accelerates and thins immediately 
after its introduction at the inlet, whereas the high ReL equivalent flow slows slightly and 
thickens. In both cases, prior to becoming fully-developed, the film decelerates initially 
showing a local maximum in Figure 4.1, and then accelerates again and becomes thinner. 
Nevertheless, the changes in the time-averaged film thicknesses with L are generally small; 
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less than 20% at most (for case ReL = 603 and ReG = 43540) and generally within ± 10% of 
their axially averaged values. 
 
 
 
 
Figure 4.2: (a) & (b) Pressure gradient trend vs. liquid/gas flowrate  
 
Data for pressure gradient are shown in Figure 4.2. As expected, these results show that for a 
given gas flowrate, the pressure gradient increases with liquid flowrate and that, for a given 
liquid flow rate, the pressure gradient increases with gas flow rate. 
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Classically, the film flow rate, film thickness and pressure gradient can be related via the so-
called “triangular relationship” (see Hewitt and Hall Taylor, 1970). It is convenient to express 
this relationship in dimensionless form as a relationship between dimensionless film thickness 
δ+ and liquid film Reynolds number, ReL. Here, δ
+ is defined as:  
 
 δ+  =  
ρL u
∗ δ
μL
                                 Equation 4.1 
 
where 𝜌𝐿  and 𝜇𝐿 are liquid phase density and dynamic viscosity, respectively, 𝑢
∗ =
(
𝜏𝑤
𝜌𝐿⁄ )
1/2 is the wall friction velocity defined using the wall shear stress τw, and δ is the 
circumferentially and axially averaged time-mean film thickness at long distances from the 
inlet (at L/D of 26.7 and 58.0). The wall shear stress τw was obtained here from the 
independent measurements of the pressure gradient ΔP/ΔL, i.e. τw = (ΔP/ΔL) D/4. For the 
current experiments, the mean film thickness and the pressure gradient have been measured 
and (for the short distance between the measurement points and the tube entrance) it is 
reasonable to assume that the liquid lost from the film by droplet entrainment is small and that 
the film flow-rate is equal to the input liquid rate.  
 
The relationship between film thickness and film flow-rate for a given pressure gradient is an 
implicit one and it is particularly convenient to use an explicit form which was derived by 
Kosky and Staub (1971) from results obtained by integration of the universal velocity profile 
(see Hewitt et al. 1994 for details). The Kosky and Staub derived explicit relationships by 
fitting the calculated curves are as follows: 
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 δ+  =  {
0.7071 Ref
0.5        ;                     Ref ≤ 50
0.6323 Ref
0.5286 ;        50≤Ref ≤1483
0.0504 Ref
0.875   ;                 Ref>1483
               Equation 4.2 
  
where the film Reynolds number is given by 𝑅𝑒𝑓 = 𝐺𝐿𝐷/𝜇𝐿 and GL is the liquid mass flux  
referred to the full cross-section of the pipe. 
 
 
Figure 4.3: Dimensionless globally averaged fully-developed mean film thickness δ+ as a 
function of gas and liquid Reynolds numbers. 
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Figure 4.3 shows the present data plotted in terms of 𝛿+ and ReL. Also shown in Figure 4.3 
is the Kosky and Staub relationship (Equation 4.2). It is evident in Figure 4.3 that the lowest 
ReG test case (ReG = 43540) is not predicted well by the Kosky and Staub relationship; 
specifically, it is under-predicted by 20-30%. However, it should be noted that this flow was 
(by direct observation) on the transition between churn flow and annular flow, when the 
assumption (implicit in the Kosky and Staub analysis) that the wall shear stress is 
approximately equal to the interfacial shear stress is no longer as reliable. Neglecting the 
transitional flow case, the Kosky and Staub relationship in Equation 4.2 appears to under-
predict the film thickness for lower ReG and to over-predict slightly the film thickness for 
higher ReG. Nevertheless, the agreement is reasonable (within ±6% on average; with a worst 
case deviation of 13%) given the experimental errors involved (up to ±3% at long lengths; see 
Section 3.2, Chapter 3) and the approximate nature of the theoretical analysis. Though there is 
reasonable agreement between predictions and measurements, the agreement is not as good as 
that observed for fully-developed flows (Hewitt and Hall-Taylor 1970). The subject of 
proposing relationships for developing flows such as those discussed here seems worthy of 
further investigation. 
 
4.3  Time-varying film thickness measurements  
4.3.1 Time varying film thickness at fixed circumferential position 
 
Data of time varying film thickness for various film flow rates and distances (with a constant 
gas Reynolds number and at a fixed location around the tube circumference) are shown in 
Figure 4.4 and Figure 4.5. It was stated in the Introduction that the occurrence of disturbance 
waves is a necessary condition for droplet entrainment in annular flow (at least with low 
liquid viscosities). There have been a number of attempts to collect data for the liquid film 
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Reynolds number at which disturbance waves/liquid entrainment begins. It has been found 
that this Reynolds number is independent of the gas velocity, provided the gas velocity is 
sufficiently high to have well-established annular flow. A typical correlation for the onset of 
disturbance waves/entrainment is that of Owen and Hewitt (1986), which is given as, 
 
 
ṁLFCD
μL
  =  ReLFC  ≈  exp {5.850 + 0.425 
μG
μL
√
ρL
ρG
}             Equation 4.3 
 
where ṁLFC  is the critical mass flux of the liquid phase at which disturbance 
waves/entrainment are initiated, D is the tube diameter and 𝜇𝐿 is the liquid phase dynamic 
viscosity. Also in Equation 4.3, 𝜇𝐺 is the gas dynamic viscosity, and 𝜌𝐿 and 𝜌𝐺  are the 
liquid and gas densities respectively. For the present experiments, Equation 4.3 yields an 
approximate value of ReLFC ≈ 450, based on the values 𝜇𝐿  = 8.90 × 10
-4 kg/m.s, 
𝜇𝐺   = 1.86 × 10
-5 kg/m.s, 𝜌𝐿   = 1.00 × 10
3 kg/m3 and 𝜌𝐺  = 1.18 kg/m
3, all at 25 °C.  This 
value is close to the critical value of 380 suggested by Azzopardi (1997) and Alekseenko et al. 
(2009).  
 
108 
 
 
Figure 4.4: Time trace of the local film thickness from a single probe at each measurement 
station as a function of distance from the inlet, for a liquid Reynolds number of ReL = 211 
and a gas Reynolds number of ReG = 93300. 
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Figure 4.5: Time trace of the local film thickness from a single probe at each measurement 
station as a function of distance from the inlet, for a liquid Reynolds number of ReL = 603 
and a gas Reynolds number of ReG = 93300 
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Figure 4.4 and Figure 4.5 show data for the film thickness as a function of time for liquid 
Reynolds numbers of 211 and 603, respectively. The data are shown as a function of distance 
from the injector L and for a fixed circumferential position. As can be seen, the data for the 
lower Reynolds number of ReL = 211 (Figure 4.4) showed no particular change with axial 
distance and there is an absence of the high peaks in amplitude characteristic of disturbance 
waves.  Figure 4.5, on the other hand, indicates how the disturbance waves are generated as 
a function of distance, for the high Reynolds number case (ReL = 603). Initially, the film is 
covered with ripples but these evolve into the larger waves and the disturbance waves are seen 
very clearly at the longest distance observed (L = 2.0 m from the inlet, corresponding to a 
tube length to diameter ratio of L/D = 58). It will also be shown in Section 4.4 that the overall 
wave frequency is decreasing with length, possibly due to the coalescence of smaller 
amplitude waves leading to disturbance wave growth as suggested first by Hall-Taylor and 
Nedderman (1969). Further analyses of wave frequency are reported in Section 4.4 below. 
 
4.3.2 Time varying film thickness at all four circumferential positions as a function of 
distance from the injector 
 
In Figure 4.6 to Figure 4.10 results are also shown for the simultaneous recording of time-
averaged film thickness from the four probes equally spaced around the circumference at a 
given distance from the liquid inlet. The distances were, respectively, L = 0.15 m (L/D = 4.3) 
from the inlet injector (Figure 4.6), L = 0.26 m (L/D = 7.5) from the inlet injector (Figure 4.7), 
L = 0.62 m (L/D = 18.0) from the inlet (Figure 4.8), L = 0.92 m (L/D = 26.7) from the inlet 
(Figure 4.9), and L = 2.0 m (L/D = 58.0) from the inlet (Figure 4.10). This set of results 
corresponds to Reynolds numbers of ReL = 603 and ReG = 93300. 
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Figure 4.6 : Time trace of the local film thickness measured by all four probes over the full 
circumference at 0.15 m (L/D = 4.3) from the inlet, for a liquid Reynolds number of ReL = 
603 and a gas Reynolds number of ReG = 93300 
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Figure 4.7: Time trace of the local film thickness measured by all four probes over the full 
circumference at 0.26 m (L/D = 7.5) from the inlet, for a liquid Reynolds number of ReL = 
603 and a gas Reynolds number of ReG = 93300 
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Figure 4.8: Time trace of the local film thickness measured by all four probes over the full 
circumference at 0.62 m (L/D = 18.0) from the inlet, for a liquid Reynolds number of ReL = 
603 and a gas Reynolds number of ReG = 93300 
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Figure 4.9: Time trace of the local film thickness measured by all four probes over the full 
circumference at 0.92 m (L/D = 26.7) from the inlet, for a liquid Reynolds number of ReL = 
603 and a gas Reynolds number of ReG = 93300 
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Figure 4.10: Time trace of the local film thickness measured by all four probes over the full 
circumference at 2.00 m (L/D = 58.0) from the inlet, for a liquid Reynolds number of ReL = 
603 and a gas Reynolds number of ReG = 93300 
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The main new information reported here is on the circumferential evolution of the disturbance 
waves. Figure 4.6 (just above the injector) shows somewhat random small-amplitude wave 
structures, with the waves at each circumferential location not noticeably correlated. The 
wave structure develops along the channel and the emergence of the sharply peaked wave 
characteristic of disturbance waves is clearly seen and the coherence of these waves around 
the tube periphery gradually develops. This coherence becomes very clear in Figure 4.10 
(L/D = 58.0 from the inlet). 
 
One may conclude from the sequence of results contained in Figure 4.6 to Figure 4.10 that 
structures occur at specific circumferential locations and spread around the periphery to make 
coherent disturbance waves which are fully-developed and well-characterised by a distance of 
L/D = 58.0 from the injector. Further analysis of these data to obtain a quantitative estimate of 
the manner in which the circumferential correlation develops is presented in Section 4.4 
below. 
 
4.4  Statistical analysis of time-varying film thickness measurements 
 
The signals from the conductance probes can be analysed statistically in various ways which 
can throw further light on the wave development processes illustrated qualitatively in results 
presented in Section 4.3. An obvious quantity for investigation is that of interfacial wave 
frequency. This has been obtained in two ways: (i) by carrying out a power spectral density 
(PSD) analysis on the signals (Section 4.4.1); and (ii) by counting instances of “large waves” 
(defined as having a thickness of 1.6 times the mean thickness, or more) passing the 
measurement location (Section 4.4.2). Furthermore, it is possible to define a quantitative 
measure of the “ring-like” wave coherence developing around the periphery, via the 
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evaluations of circumferential correlation coefficients between pairs of probes on the same 
axial plane, at the same downstream distance from injection (Section 4.4.3). 
 
4.4.1 Interfacial wave spectral density 
 
The power spectral density (PSD) function for the film thickness signals was obtained using 
standard MATLAB procedures functions. Welch’s method was used as an improved estimator 
of the PSD, which consists of dividing the time series data into (possibly overlapping) 
segments, computing a modified periodogram of each segment, and then averaging the PSD 
estimates. Typical results from this analysis are shown in Figure 4.11. In this figure a series of 
plots are given for a selected flow condition (ReL = 603, ReG = 93300) at the same 
circumferential location. The peak frequency decreases gradually with increasing distance 
from the inlet, as the waves develop. 
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Figure 4.11: Power spectral densities (PSD) of local interfacial wave signals from 
individual probes at different distances from the inlet, for a liquid Reynolds number of ReL 
= 603 and a gas Reynolds number of ReG = 93300. 
 
Data for the peak frequency (fPP) obtained from plots such as those shown in Figure 4.11 are 
shown in Figure 4.12 as a function of axial distance L/D.  
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Figure 4.12: Circumferentially averaged peak frequency fPP from individual PSD plots 
(such as those in Figure 4.11) as a function of normalised distance from the inlet, for a 
liquid Reynolds number of ReL = 603 and various gas Reynolds numbers ReG 
 
The points appearing in Figure 4.12 are averaged over the four probes that were at the same 
particular axial location. This graph is analogous to that obtained by Hall-Taylor and 
Nedderman (1969) at a single position around the tube periphery, which also showed a 
decrease of frequency with distance from the injector. Ultimately, from a distance from the 
inlet of about L/D ~ 20 this frequency measure becomes essentially independent of distance, 
indicating that the waves have become fully-developed.  
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Figure 4.13: Circumferentially averaged (averaged between four probes around the same 
periphery) large wave frequency flw evaluated from the counting of individual large-
amplitude waves that appear in time traces (such as those in Figures 10 to 14) as a function 
of normalised distance from the inlet, for a liquid Reynold 
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the circumferential coherence of the disturbance waves are reported in the following sections 
(Section 4.4.2 and Section 4.4.3, respectively). 
 
The first observation, in Point (1) above, suggests that the consideration of the frequency of 
the peaks in the PSD plots, which has been the conventional means for the identification of 
disturbance waves (e.g. in the extensive effort by Azzopardi 1997), may not be the most 
reliable method for this task. In fact, the decreasing disturbance wave frequency leads 
naturally to a reduction in the relative contribution of the large waves towards the overall 
frequency content of the wave signals and hence the PSDs that are reported here in Figure 
4.11; note that the spectral signatures reported by these PSDs correspond to the full wave 
content, covering the full range from small-amplitude to large-amplitude waves, and not only 
to disturbance waves. Furthermore, the two observations in Points (1) and (2) when taken 
together suggest that the disturbance waves continue to evolve beyond L/D ~ 20, in a way that 
would be consistent with wave coalescence. As with the disturbance wave frequency, this 
information is lost when considering only the peaks from the PSDs. 
 
4.4.2 Large amplitude wave counting 
 
In an effort to generate information specifically and exclusively on the disturbance waves, an 
in-house, dedicated MATLAB script was developed to count waves with large amplitudes 
(defined in this work as having amplitudes 1.6 times the mean film thickness or more) from 
wave time traces over an extended recording period than those shown in Figure 4.6 to Figure 
4.10. The choice of the factor was to some extent arbitrary, since it was confirmed that the 
results were not sensitive to this choice within a suitable range; a higher value identifying 
fewer, higher-amplitude waves, but with the overall trends being similar. A range of factors 
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between 1.5 and 1.7 were tested, and the value of 1.6 was selected as a good compromise. The 
data were then averaged over the four probes that were at the same axial location and the 
results are shown in Figure 4.13. 
 
Here it can be seen that the frequency of occurrence of the disturbance waves (flw) and peak 
frequency fPP obtained from PSD plots (and reported above in Figure 4.12 and Figure 4.13) 
are of the same order of magnitude, but do not follow the same trend and can differ by a 
factor of up to ~5 at the lower ReG and higher L/D. The disturbance wave frequency flw first 
increases away from the inlet, reaches a maximum and then decreases again. Generally the 
frequency of disturbance waves increases at higher ReG (and ReL), in line with the overall 
interfacial wave frequency content fPP presented in Figure 4.12 and discussed in the preceding 
section. The maximum appears at a length between 7.5 and 15 pipe diameters from the inlet, 
and appears to move upstream and closer to the injector at progressively higher ReG. 
 
The rise of flw close to the injector is clearly a reflection of the early development of these 
waves, which initially have considerably lower amplitudes compared to their eventual values. 
The drop of flw far away from the injector may be due to wave coalescence, or equivalently 
due to wave break-up leading to liquid entrainment into the gas core in the form of droplets 
(Andreussi 1983; Azzopardi 1997; Pan and Hanratty 2002; Sawant et al. 2008a), which would 
result in the annihilation of these waves. Both of these mechanisms would lead to a decrease 
in the frequency of large waves, whereas break-up and entrainment would lead to a decrease 
in the large wave amplitudes. 
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4.4.3 Circumferential film thickness correlation 
 
The correlation developing around the pipe periphery as observed visually in Figure 4.6 to 
Figure 4.10 can be expressed in quantitative form by defining a cross-correlation function as 
follows: 
 
 Rxy(m)  =  {
∑ xn+m yn
*𝑁−𝑚−1
n=0  ;              m ≥ 0
Rxy(−m)              ;              m < 0
           Equation 4.4 
  
The cross-correlation and auto correlation function was determined quantitatively from the 
data by the application of a built-in routine in MATLAB. Typical results for the cross-
correlation function are shown in Figure 4.14, where the function is evaluated over a range of 
time differences Δt between two probes opposite each other at the same axial location. The 
data were obtained for ReL = 603 and ReG = 93300. The two signals at L/D = 4.3 from the 
injector are uncorrelated, but the same probes show a strong correlation at a far distance of 
L/D = 58.0. 
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Figure 4.14: Cross-correlation plot of two opposite probes at the first measurement station 
(L/D = 4.3) and the last measurement station (L/D = 58.0), for a liquid Reynolds number of 
ReL = 603 and a gas Reynolds number of ReG = 93300. 
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Figure 4.15: Auto-correlation plot of two opposite probes at the first measurement station 
(L/D = 4.3) and the last measurement station (L/D = 58.0), for a liquid Reynolds number of 
ReL = 603 and a gas Reynolds number of ReG = 93300. 
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Figure 4.16: Cross-correlation plot of all adjacent probe pairs at 0.15 m (L/D = 4.3) from 
the inlet, for a liquid Reynolds number of ReL = 603 and a gas Reynolds number of ReG = 
93300 
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Figure 4.17: Cross-correlation plot of all adjacent probe pairs at 0.26 m (L/D = 7.6) from 
the inlet, for a liquid Reynolds number of ReL = 603 and a gas Reynolds number of ReG = 
93300. 
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Figure 4.18: Cross-correlation plot of all adjacent probe pairs at 0.62 m (L/D = 18.0) from 
the inlet, for a liquid Reynolds number of ReL = 603 and a gas Reynolds number of ReG = 
93300. 
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Figure 4.19: Cross-correlation plot of all adjacent probe pairs at 0.92 m (L/D = 26.7) from 
the inlet, for a liquid Reynolds number of ReL = 603 and a gas Reynolds number of ReG = 
93300. 
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Figure 4.20: Cross-correlation plot of all adjacent probe pairs at 2.00 m (L/D = 58.0) from 
the inlet, for a liquid Reynolds number of ReL = 603 and a gas Reynolds number of ReG = 
93300. 
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The respective graphs at any one position are the cross-correlation functions between adjacent 
probes (the probes being separated by 90° around the tube periphery at a given axial distance 
from the inlet). At a distance of L/D = 4.3 from the injector, Probes 1 and 2 and Probes 3 and 
4 begin to show a weak, but definite cross-correlation peak at zero delay. This signifies that, 
even at this short distance, the waves are beginning to spread around the periphery.  As one 
proceeds up the pipe, the correlation strengthens and the peak value of the cross-correlation 
function increases in magnitude until, eventually, at a distance of L/D = 58.0 from the injector 
(Figure 4.20) there is a strong correlation between each adjacent probe pair. It would thus 
seem that the disturbance waves begin to be formed relatively close to the injector and that the 
waves then spread to cover the whole of the circumference of the tube.  
 
 
 
Figure 4.21 : Circumferentially averaged cross-correlation magnitude from opposite probe 
pairs (such as those in Figure 4.13) as a function of normalised distance from the inlet, for 
a liquid Reynolds number of ReL = 603 and at various gas Reynolds numbers ReG 
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The peak magnitude in the cross-correlation function for opposite probes at zero delay can be 
plotted as a function of normalised distance from the inlet; this is done in Figure 4.21. A high 
value of this parameter would signify a correlated ring passing as a coherent structure over the 
four probes. It can be seen that the cross-correlation magnitude increases gradually with 
distance as might be expected. Thus, it would seem that the correlation of the signals, a key 
characteristic of coherent “ring-like” disturbance waves, is established gradually over a 
distance of around 1 to 2 metres (or, 30 – 60 pipe diameters) from the inlet. The coherence 
appears from lengths of about 5 – 10 pipe diameters and gradually strengthens with increasing 
distance from the inlet. 
 
 
Figure 4.22: Circumferentially (i.e. at the same axial direction) averaged cross-correlation 
magnitude as a function of gas Reynolds number ReG, for a liquid Reynolds number of: (a) 
ReL = 211; and (b) ReL = 603, at various normalised distances from the inlet L/D (as 
indicated in the legend). 
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Finally, the cross-correlation coefficients represent the magnitude of circumferential 
coherence along the tube. The peak magnitude in the cross-correlation function at zero delay 
is plotted at the same distance from the inlet as a function of ReG in Figure 4.22, for two flows 
with: (a) a subcritical ReL = 211 when no disturbance waves are observed; and (b) ReL = 603 
when they are. Clearly, the cross-correlation coefficient magnitudes are low at subcritical 
conditions, signifying a lack of circumferential coherence. On the other hand, at ReL = 603 the 
cross-correlation coefficient shows significant values that increase with L/D, signifying an 
increase in circumferential coherence with L/D. The maximum cross-correlation coefficient at 
a given L/D decreases monotonically with increasing ReG close to the injector, but shows a 
more complex relationship at longer L/D. From L/D = 17.4 onwards a turning point develops. 
As ReG is increased from low values, the cross-correlation coefficient magnitudes increases, 
reaches a maximum and then decreases again. This suggests that a mechanism exists for the 
annihilation of disturbance waves by coalescence and/or droplet entrainment at higher gas 
velocities. This idea is also in agreement with the knowledge that entrainment strongly 
increases at progressively higher ReG, within the range of conditions investigated (see e.g. 
Sawant et al., 2008a). A further investigation is suggested to study this more closely. 
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4.5 Summary of conclusions  
 
This chapter reports on new measurements on the development of disturbance waves in 
annular flow. The following main conclusions are drawn: 
(1) The measurements confirm that disturbance waves do not grow at liquid film Reynolds 
numbers less than a critical value. If the Reynolds number exceeds this critical value, 
then disturbance waves are observed. 
(2) In the region where disturbance waves are created, such waves become coherent around 
the periphery of the tube, with the waves forming the ring-like structures that has been 
reported in the past by, for instance by Hewitt and Lovegrove (1969). However, these 
ring-like structures are not created instantaneously but, rather, grow gradually from 
wave initiation at a given circumferential position that is as short as 5 – 10 pipe 
diameters from the liquid inlet, and spread around the periphery to exhibit a much 
stronger circumferential coherence farther downstream. 
(3) In the disturbance wave region, the overall frequency content of the interfacial waves (as 
determined by using analysis of the film thickness versus time data using power spectral 
density analysis) decreases with increasing length in the first 20 pipe diameters as 
previously observed by Hall-Taylor and Nedderman (1969), but then seems to reach a 
plateau. This decrease in wave frequency probably occurs (as suggested by Hall-Taylor 
and Nedderman (1969)) due to the coalescence of waves, and this coalescence process 
occurs simultaneously with the development of circumferential coherence in the waves. 
(4) The coalescence, and possibly the break-up of large waves leading to liquid droplet 
entrainment into the gas core, also gives rise to fewer disturbance waves at longer 
distances from the inlet. Thus, the frequency of occurrence of disturbance waves 
increases early on as these waves begin to form, reaches a maximum at a length between 
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7.5 and 15 pipe diameters from the inlet depending on the flow conditions (this 
maximum shifts gradually towards the injector with increasing gas Reynolds number), 
and then decreases due to s the coalescence/break-up processes. . 
The measurements reported here fill in a surprising gap in our knowledge the creation and 
behaviour of disturbance waves. To the author’s knowledge, this is the first time that the 
growth of circumferential coherence has been quantitatively explored. 
 
The disturbance wave phenomenon is a vital one in annular flow and, based on the findings 
reported in the present chapter, further studies of this phenomenon are recommended and are 
being pursued. Experimentally, further detailed measurements on the development of 
disturbance waves are recommended, including: 
(5) More accurate measurements of film thickness using a fluorescence method (see the 
original work of Hewitt and Nicholls (1969), and the more recent efforts by Alekseenko 
et al. (2009), Schubring et al. (2010b, 2010c), Farias et al. (2012), Morgan et al. (2012a, 
2012b), and Zadrazil et al. (2012)), or an equivalent technique, which would allow for a 
more accurate measurement of the peak amplitudes of the complex interfacial waves. 
(6) Using micro-PIV techniques, such as that used by Schubring et al. (2009), it may be 
possible to determine the development of turbulent structures within the waves. 
 
In addition to these possible lines of further experimental investigation, the possibility of 
numerical modelling of disturbance wave initiation and development should also be borne in 
mind (though it has not so far been within the compass of feasible numerical calculations). 
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CHAPTER 5 
CHURN FLOW STUDIES 
 
Churn flow is an important regime in gas-liquid upwards flows. The regime is characterised 
by intermittency of the flow near the wall, with large waves travelling upwards with periods 
of falling film flow between the waves (Hewitt et al, 1986). The transition from slug flow to 
churn flow occurs due to flooding (flow reversal) of the film in the Taylor bubble in slug flow 
(Jayanti and Hewitt, 1997, Watson and Hewitt, 1999). The churn flow regime occurs over 
wide ranges of conditions and the study of churn flow has been an important part of the 
present work. Axial view photography studies carried out as part of the present work show 
that, despite the highly complex nature of churn flow, there does exist a continuous path for 
the gas phase near the axis of the pipe. These axial view photography studies are described in 
more detail in Chapter 6; the present Chapter presents other results for churn flow obtained in 
the present work as follows: 
 
Section 5.1 presents new data for holdup and pressure drop in churn flow. Here, a new method 
was used for holdup, namely pneumatically operated pinch valves (see Section 5.1.1). The 
data greatly extends the data obtained previously by Govan (1990).  Section 5.2 presents a 
new correlation for droplet entrainment rate in churn flow. This correlation was obtained 
jointly with two other research students (Dr. Jr-Peng and Masroor Ahmad) who used it for 
assessing churn flow and for determining the entrained fraction at the onset of annular flow 
respectively. Finally, Section 5.3 lists some conclusions from the work described in this 
chapter.   
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5.1 Holdup and pressure drop in churn flow 
 
Govan (1990) made measurements of liquid holdup 𝜀𝐿 and pressure drop (𝑑𝑝/𝑑𝑧) in churn 
flow and was able to deduce the mean value of wall shear stress 𝜏𝑜  from the following 
expression: 
 
dp
dz
=
4τ0
d
+ ϵLρLg + εGρGg                           Equation 5.1 
 
However, Govan’s measurements were for only two liquid mass fluxes (31.8 kg/m2 and 47.7 
kg/m2) and a prime objective of the present work was to extend the range covered.  The 
experimental matrix used is shown in Figure 5.1. 
 
   
Figure 5.1: Experimental matrix 
 
Another important difference in the present work was the use of pinch valves rather than 
rotating lever actuated ball valves (see Section 5.1.1). The results obtained for pressure 
gradient and holdup are presented in Section 5.1.2.  
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5.1.1 Liquid holdup measurement 
 
In the experiments of Govan (1990), the holdup was measured by trapping the flow between 
two lever-actuated ball valves which had the same internal diameter as the tube and were 
continuous with the tube bore when the valves were open. When the valves were closed 
(simultaneously by the operation of a lever), the volume of liquid (water) trapped between the 
valves could be determined and the liquid holdup prior to valve closure could be determined. 
A detailed review of holdup measurement methods is given by Hewitt (1982); the quick-
closing valve method is arguably the most accurate method. However, the special ball valves 
required are difficult to manufacture and the lever arrangement has to be changed if the 
distance between the valves is changed.  In the present work, pneumatically-operated pinch 
valves were used instead of ball valves. In this type of valve, the (elastomer) valve section has 
the same diameter as the flow tube and the valve can be actuated rapidly by applying gas 
pressure (in the present experiments from the site air main). The two valves in the test section 
can be closed simultaneously by applying gas pressure at the same time. Such pinch valves 
have been used previously in multiphase flow holdup measurements. They were selected and 
commissioned by Douek et al (1994) in their studies of three phase flow of gas, liquid and 
suspended solids. In this three-phase, system, the use of ball valves for holdup measurement 
was not feasible since the suspended solids would make valve closure difficult and damage to 
the valves likely. However, it is believed that the present work represents the first use of such 
valves in gas-liquid flow. Clearly, in this case there is less likelihood of damage to the valves 
but the other advantages of the pinch valve method (as cited above) are still extant 
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5.1.2 Experimental results 
 
The pressure drop over a 1.58 m length of tube was measured using a Rosemount differential 
pressure transducer. This transducer had silicone fluid filled lines connecting the tappings on 
the tube wall to the differential pressure diaphragm in the transducer itself. Diaphragms were 
also used to isolate the silicone fluid filled lines from the fluid in the tube. Thus, at zero 
pressure difference between the tappings (closely approximated by having the tube full only 
of stationary air) the transducer indicates a pressure difference equivalent to S gL  where 
S  is the density of the silicone fluid, g  the acceleration due to gravity and L  the distance 
between the tappings. The transducer readings have to be corrected for this offset value in 
order to give the true pressure drop in the flow between the tappings. The results obtained for 
pressure gradient are shown in Figure 5.2. As will be seen, the pressure gradient increases 
with increasing liquid flow rate and passes through a minimum with increasing gas flow rate; 
these results are  consistent with results obtained previously (for instance by Govan, 1990) 
but cover a much wider range.  
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Also shown in Figure 5.2 is a line for ,𝑈𝐺
∗ = 1 which was suggested by Wallis (1961) to 
correspond to the transition to annular flow. The data obtained for liquid holdup are shown in 
Figure 5.3. As expected, these results show that for a given gas flowrate, the liquid holdup 
increases with liquid flowrate and that, for a given liquid flowrate, the liquid holdup decreases 
with gas flowrate.  
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Figure 5.3: Liquid holdup measurement at various liquid and gas mass flux 
 
The pressure gradient and holdup measurements can be used to calculate (from Equation 5.1) 
the average wall shear stress, assuming that the pressure drop due to acceleration is negligible.  
 
Results for total, gravitational and frictional components of pressure gradient are shown in 
Figure 5.4 and Figure 5.5 for liquid mass fluxes 6.24 and 63.7 kg/m 2 s and the complete set 
of calculated values data for wall shear stress are shown in Figure 5.6. At the higher liquid 
flow rates, the results are generally consistent with those obtained by Govan (1990) but a new 
phenomenon is observed at very low liquid mass fluxes, namely the apparent existence of a 
region of small negative wall shear stress at intermediate gas mass fluxes. This very 
interesting phenomenon seems worthy of further investigation. As was stated in Chapter 3, 
work was pursued in the present project on the measurement of instantaneous directional wall 
shear stress. Though this was not brought to successful fruition, such measurements would 
throw light on the phenomenon shown in Figure 5.6.  
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Figure 5.4: Calculated wall shear stress at liquid mass flux of 6.24 kg/m2s 
 
 
Figure 5.5: Calculated wall shear stress at liquid mass flux of 63.7 kg/m2s 
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Figure 5.6: Calculated average wall shear stress at various liquid and gas mass flux 
 
5.2 Development of a Correlation for Entrainment Rate in Churn Flow 
 
There is considerable interest in predicting the entrained droplet fraction in evaporating 
annular flows. Of particular concern is the condition at which all the liquid becomes entrained 
and the channel wall is dry. This condition is manifested by a sharp decrease on wall heat 
transfer coefficient and (for a constant heat flux) a large rise in wall temperature. The 
transition to this condition is termed dryout or critical heat flux (CHF) and an ability to 
predict this transition is crucial, for example, in nuclear reactor systems. The fundamental 
equation governing the change of liquid film mass flux LFm  with distance z  (Hewitt and 
Govan, 1990) is as follows, 
 
4
( )LF
LG
dm q
D E
dz d h
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Where D and E are the rates of droplet deposition and entrainment per unit channel surface, ?̇? 
is the heat flux and ℎ𝐿𝐺  is the latent heat of vaporisation.  
 
𝐷 = 𝑘𝐶                                 quation 5.3 
 
Where, k is a deposition mass transfer coefficient (m/s) and C is the concentration of droplets 
in the gas core (kg/m3), calculated on the assumption of homogeneous flow in the core. 
Hewitt and Govan correlated k in terms of the following expressions:  
 
𝑘√
𝜌𝐺𝑑
𝜎
= 0.18      𝑖𝑓  𝐶 𝜌𝐺⁄ < 0.3                   Equation 5.4 
 
𝑘√
𝜌𝐺𝑑
𝜎
= 0.83(𝐶 𝜌𝐺⁄ )
−0.65      𝑖𝑓  𝐶 𝜌𝐺⁄ > 0.3              Equation 5.5 
 
Where 𝜌𝐺  is the gas density, 𝑑 the tube diameter and 𝜎 is the surface tension. Hewitt and 
Govan give the following expression for entrainment rate in annular flow:  
 
E
?̇?𝐺
⁄ = 5.74 × 10−5 [(ṁLF − ṁLFC)
2 dρL
σρG
2 ]
0.316
      for ṁLF > ṁLFC    Equation 5.6 
 
Where, ?̇?𝐺 and ?̇?𝐿𝐹 are the mass fluxes relating to the gas and liquid film (mass rates of 
flow divided by the tube cross sectional area) and 𝜌𝐿 is the liquid density. ?̇?𝐿𝐹𝐶  is the 
critical film mass flux for the onset of entrainment which was given by Hewitt and Govan as:  
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?̇?𝐿𝐹𝐶
𝜇𝐿
= 𝑒𝑥𝑝 [5.8504 + 0.4249
𝜇𝐺
𝜇𝐿
√
𝜌𝐿
𝜌𝐺
]                    Equation 5.7 
 
Where, 𝜇𝐺 is the gas viscosity and L  is the liquid viscosity.  
 
Knowledge of D and E and of the heat flux distribution allows Equation 5.2 to be integrated 
providing a starting value of LFm can be assigned. This is typically taken as 30% of the liquid 
flow at the onset of annular flow. For long tubes, the results for CHF are not strongly affected 
by the choice of starting value but this is not the case for short tubes. What is needed, 
therefore, is a model for droplet entrainment in churn flow so that the entrained fraction at the 
transition from churn flows to annular flow can be determined. Thus, in collaboration with 
two other PhD students (Dr. Jr-Deng Peng and Dr. Masroor Ahmad) a new correlation was 
developed for entrained fraction in churn flow and this is reported here.  
 
Axial view photography clearly demonstrates that churn flow is a regime in which 
considerable droplet entrainment occurs (see Chapter 6) though the entrainment behaviour is 
very different in churn flow compared to annular flow. It is difficult to measure liquid 
entrainment fraction in churn flow; one of the common method in annular flow is to extract 
the liquid film through a porous wall section in order to measure the film flow rate – and 
hence the entrained fraction by difference to the total liquid flow. However, this method is not 
practical in churn flow due the changes in flow direction with time which are known to occur 
in churn flow.   
 
Barbosa (2002) report measurements of liquid entrained fraction using a sampling probe to 
measure the local droplet mass flux, and these measurements were integrated to obtain 
entrained fraction. A diagram of the isokinetic sampling probe used by Barbosa et al is shown 
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in Figure 5.7.  
Figure 5.7: Isokinetic probe set up used by Barbosa (2002) 
 
Figure 5.8 shows some of the results obtained by Barbosa et al; these show that the entrained 
droplet mass flux increases with liquid mass flux and passes through a minimum with 
increasing non-dimensional gas velocity 𝑈𝐺
∗ . Here, 𝑈𝐺
∗  is defined as:  
 
𝑈𝐺
∗ = 𝑈𝐺𝜌𝐺
1/2
[𝑔𝑑(𝜌𝐿 − 𝜌𝐺)]
−1/2                     Equation 5.8 
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Figure 5.8: Liquid Entrained fraction in vertical flows at 3.6 barg (Barbosa et al 2002) 
 
In collaboration with other two PhD student (Dr. Masroor Ahmad and Dr. Deng-Jr Peng) a 
new correlation was developed for entrainment rate in churn flow based on the Barbosa et al 
data (see also Ahmad 2010 and Deng 2011). In this correlation, it is assumed that the 
deposition rate in an equilibrium churn flow is the same as that in annular flow (i.e. it is given 
by Equations 5.3, Equation 5.4 and Equation 5.5). The entrainment rate was then related to 
𝑈𝐺
∗  by the simple linear relationship, Equation 5.9. 
 
𝐸𝑐ℎ𝑢𝑟𝑛
𝐸𝐴𝑛𝑛𝑢𝑙𝑎𝑟,𝑙𝑜𝑐𝑎𝑙
= −8.73 𝑈𝐺
∗ + 9.73                  Equation 5.9 
 
Where, 𝐸𝐴𝑛𝑛𝑢𝑙𝑎𝑟,𝑙𝑜𝑐𝑎𝑙  is the entrainment rate calculated for annular flow at the local 
conditions from Equations 5.6 and Equation 5.7. This relationship gives an enhancement of 
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the entrainment rate in the churn flow regime, this enhancement disappearing when annular 
flow is reached at 𝑈𝐺
∗ = 1. Though it is recognised that this relationship is extremely 
simplistic, it is felt that a more complex relationship could not be justified in the absence of 
further data. Nevertheless, the correlation does give a reasonable representation of the 
Barbosa (2002) data as is shown in Figure 5.9.  
 
 
 
 
Figure 5.9: Comparison of entrained fraction predicted using data obtained from Barbosa 
(2002). 
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5.3 Summary of conclusions 
 
This chapter reports on new measurements of liquid holdup and pressure gradient in churn 
flow using a new technique. The following main conclusions are drawn: 
(1) A new technique was deployed to measure liquid holdup in the churn and annular flow 
regimes. At higher liquid mass flux, the data trend obtained is in line with that observed 
by Govan (1990). At low liquid mass flux, a small region of negative wall shear stress is 
suggested by the data and this would merit further investigation.  
(2) The criterion for transition between churn and annular flow, 𝑈𝐺∗ = 1, suggested by the 
Wallis (1961) correlation was found to be in reasonably good agreement with the data, 
though pressure gradient measurements taken at high liquid flowrate tend to indicate a 
continued decrease beyond the transition criterion point. 
(3) Calculation of average wall shear stress from the pressure gradient and holdup 
measurements in churn flow showed that it increases almost linearly with increase in gas 
mass flux, whereas, at lower liquid mass flux, average wall shear stress exhibits the 
same trend as pressure gradient, and the minimum (sometimes negative) wall shear 
stress occurs at the flow reversal point. This phenomenon should be investigated further.  
(4) In collaboration with other two PhD student (Dr. Masroor Ahmad and Dr. Deng-Jr 
Peng) a new correlation was developed for entrainment rate in churn flow based on the 
Barbosa et al data (see also Ahmad 2010 and Deng 2011).  
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CHAPTER 6 
AXIAL VIEW PHOTOGRAPHY STUDIES OF CHURN AND ANNULAR FLOW 
 
The use of axial view photography provides a unique tool in understanding gas-liquid flows in 
the churn and annular regimes. The methodology of axial view photography is described in 
Chapter 2 and 3. In the present work, axial view photography techniques were used to provide 
visual evidence on features in churn flow, in the churn-to-annular flow transition and in 
annular flow. In what follows in this Chapter, Section 6.1 presents the experimental matrix 
used for the studies and Sections 6.2 and 6.3 present the results obtained for churn flow and 
the churn-to-annular flow transition respectively. Section 6.4 discusses the results obtained in 
annular flow, and, finally, Section 6.5 summarises the conclusions from the work.  
 
6.1   Experimental matrix for the axial view photography studies  
 
The experiments in which the axial view photography system was applied were carried out 
over a range of gas and liquid flow rates. Air and water flows at close to atmospheric pressure 
were studied. It is convenient to illustrate the range of conditions by plotting them on the flow 
pattern map that was developed by Hewitt and Roberts (1969), Figure 6.1. The conditions of 
these experiments are plotted in terms of the superficial momentum fluxes of the two phases.  
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Figure 6.1:Vertical upwards flow pattern map – Adapted from Hewitt and Roberts (1969) 
 
As will be seen, the current data are predicted to almost entirely in the churn and annular 
regimes and this is consistent with the qualitative observations made in the experiments.  
 
6.2   Churn Flow 
 
Churn flow is an important flow regime in upwards two-phase flow. One of the features of 
churn flow is the periodic liquid film flow reversals near the channel wall but with a 
continuous gas core (Hewitt et al, 1985). Churn flow is also characterised as a decrease in 
G
as
 M
as
s 
Fl
u
x 
(k
g/
m
2
s)
 
Liquid Mass Flux (kg/m
2
s) 
152 
 
pressure gradient with increase gas flow rate and as gas flow rate increases; the flow regime 
transitions into annular flow. Figure 6.2 gives a general indication of the nature of the churn 
flow regime.  
 
 
Figure 6.2: Illustration of nature of churn flow 
 
In small diameter pipes, the transition from slug flow to churn flow is associated with 
flooding (i.e. liquid film flow reversal) in the Taylor bubble (Watson and Hewitt, 1999). 
Several churn flow characteristic has been studied on this project. 
 
Although previous experiments such as those of Hewitt et al (1985) gave strong indications of 
the nature of the near-wall region in churn flow (i.e. the existence of a continuous liquid film 
at the wall with waves and flow reversals between the waves), these experiments (as far as the 
author is aware) did not give a clear indication of the nature of the gas core and of the 
entrained liquid within it. Therefore, axial view videos of churn flow were taken in 
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collaboration with two other students (Dr. Deng Jr Peng and Dr. Masroor Ahmad). In the 
experiments described here, the axial viewing device was installed at the end of the 0.0328m 
diameter 11 m long vertical test section of the Imperial College LOTUS facility. A full 
description of the LOTUS facility can be found in Chapter 3. The results obtained in the 
present tests are exemplified by those shown in Figure 6.3, Figure 6.4 and Figure 6.5. 
 
   
   
   
Figure 6.3: Sample frames from axial view videos of Churn flow (UL = 0.165 m/s, 
UG*=0.528) 
t = 5 s t = 10 s t = 15 s 
t = 20 s t = 25 s t = 30 s 
t = 35 s t = 40 s t = 45 s 
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t = 5 s t = 10 s t = 15 s 
t = 20 s t = 25 s t = 30 s 
t = 35 s t = 40 s t = 45 s 
t = 5 s t = 10 s t = 15 s 
t = 20 s t = 25 s t = 30 s 
t = 35 s t = 40 s t = 45 s 
Figure 6.4: Sample frames from axial view videos of churn flow to annular flow 
transition (UL=0.165 m/s, UG* = 0.772) 
Figure 6.5: Sample frames from axial view videos of annular flow (UL=0.165 m/s, 
UG* = 0.968) 
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The axial view videos of churn flow above demonstrate (it is believed for the first time) that a 
continuous gas core exists in churn flow, though the waves on the surface of the liquid film 
can be very large in this region, which blocks the light source occasionally. The droplet size 
varies over a wide range.  
 
With an increase in gas velocity, the churn to annular flow transition region is reached as 
shown in Figure 6.4. There is a much lower concentration of droplets but with an increase in 
droplet sizes when interfacial waves (namely disturbance waves – see Chapter 4) appear. 
These waves occur less frequently and remain in the field of view for a much shorter period 
of time than those in churn flow shown in Figure 6.3. 
 
As gas velocity increases further, flow enters the developed annular flow regime. Liquid 
droplets are continuously present in the gas core as shown in Figure 6.5. Occasional 
disturbance waves instead of the large hanging interfacial waves appear. The droplet size is 
much smaller than in churn flow, and these sets of axial view observation confirm that there is 
a continuous gas core in churn flow and are consistent with the observation of minimum 
entrained flux as discussed in Deng (2011). 
 
6.3   Churn flow to Annular Flow Transition 
 
The axial view photography technique was used here was to provide visual evidence of churn-
annular transition in two-phase vertical upward flow. A series of images were taken by the 
high speed video camera are presented in this Section.  
 
Azzopardi (1983) identified two mechanisms by which droplet entrainment takes place; bag 
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break up and ligament break up. The source of liquid in both of these entrainment processes 
comes from the liquid film that exists on the circumference of the cylindrical flow. The 
disturbance waves that are formed in the liquid film are a primary source of liquid 
entrainment. In bag break up, the gas “undercuts” the wave from the liquid film forming an 
open ended “bag”. The pressure builds up within the “bag” causing it to expand and 
eventually burst resulting in a ring of droplets that become dispersed in the gas core. 
Azzopardi reported that bag break up occurs at lower gas velocities. Ligament break up is a 
mechanism of entrainment that was observed to over a greater range of flow rates. The wave 
is elongated in the form of thin ligaments which then break down into drops. These 
mechanisms are illustrated in Figure 6.6. 
 
 
Figure 6.6: Bag formation (i) and Ligament break up (ii) (Azzopardi, 1983) 
 
A series of photo image were taken at 0.0005s intervals and show (see Figure 6.7 and Figure 
6.8 provided) visual evidence of the two droplet entrainment mechanisms.  
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Figure 6.7: Visual evidence of the stage by stage sequence of bag breaks up vs. schematics 
shown in Azzoparid 1983. 
Figure 6.8: Visual evidence of the stage by stage sequence of ligament breaks up vs 
schematics shown in Azzopardi (1983) 
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Azzopardi (1986) reported that bag break up mechanism occurred at lower gas and liquid 
flow rate, whereas the ligament break up mechanism occurred at higher flow rates. The bag 
break up mechanism has been considered to be the most important. Figure 6.9 shows that the 
ligament mechanism is relevant over greater ranges of flow rates. Azzopardi proposed that, as 
for drop break up, the boundary between the mechanisms can be described by a Weber 
number of 25 using the wave height as the length scale. Figure 6.9(i) indicates that this 
described the boundary reasonably accurately for Azzopardi’s data. However, the present 
experiment (Figure 6.10 to Figure 6.13) indicate that bag break up and ligament break up 
mechanisms can occur under the same condition and the simultaneous occurrence of the two 
mechanisms was not limited to higher flow rate as proposed by Azzopardi.  
 
It is worth to note that, not all data points from the present experiment are plotted in Figure 
6.9(ii), this was due to the difficulties in identifying the entrainment process as perfect focus 
of the high speed camera is required. In addition, Azzopardi conducted the experiments at 2 
barg whereas the current study was carried out at room temperature and atmospheric pressure. 
This difference in experimental condition may leads to some discrepancies in results showed 
in Figure 6.9(ii).  
Figure 6.9: Regions of occurrence of various drop break up mechanisms (i) and the 
adapted mechanism graph with present experimental data set (ii) , Azzopardi (1997) 
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Figure 6.10: Sequence of bag break up mechanism, ρGUG = 5.6 kg/m
2s, ρLUL = 46 kg/m
2s 
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Figure 6.11: Sequence of ligament break up mechanism, ρGUG = 5.6 kg/m
2s, ρLUL = 46 kg/m
2s 
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Figure 6.12: Sequence of bag break up mechanism, ρGUG = 6.0 kg/m
2s, ρLUL = 70 kg/m
2s 
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Figure 6.13: Sequence of ligament break up mechanism, ρGUG = 6.0 kg/m
2s, ρLUL = 70 kg/m
2s
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6.4   Annular Flow 
 
The axial view photography technique was used here to provide visual evidence of disturbance wave 
development in annular two-phase vertical upward flow. A series of images were taken by the high speed 
video camera using the same experimental matrix as that shown in Chapter 4. The experimental 
conditions are plotted on the flow regime map, Figure 6.14, which was proposed by Hall Taylor, Hewitt 
and Lacey (1963).  
 
 
Figure 6.14: Regimes of two phase flow, adapted from (Hall Taylor, Hewitt and Lacey 1963) 
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Figure 6.15: Sample frames of ripple waves only region (UL = 0.35 m/s, UG = 2250 m/s) near the inlet (L/D = 4.3) and 0.92m (L/D = 58.0) 
downstream of the inlet. 
 
 
t = 0s t = 5s t = 10s 
t = 10s t = 5s t = 0s 
L/D = 4.3 
L/D = 58.0 
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t = 10s 
t = 5s 
t = 10s t = 0s 
L/D= 4.30 
L/D = 58.0 
Figure 6.16: Sample frames of ripple waves only region (UL = 1.00 m/s, UG = 2250 m/s) near the inlet (L/D = 4.3) and 0.92m (L/D = 58.0) 
downstream of the inlet. 
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Figure 6.15 shows at low water flowrate and high gas flowrate, no disturbance waves presented 
throughout the pipe, this observation is in line with the flow regime proposed by Hall Taylor, Hewitt and 
Lacey (1963) in Figure 6.14. 
 
As liquid flowrate increase, the disturbance wave region is reached. Figure 6.16 shows how wave 
develops along the pipe wall. Near the inlet, only ripple waves are present but further away from the inlet, 
instability begins at one point around the periphery. As the results presented in Chapter 4 show, such 
localised instabilities (possibly associated with local bursts of turbulence) ultimately join together to form 
the ring-like structures which are the characteristic disturbance waves. The observations shown in Figure 
6.16 are therefore consistent with the observations (based on simultaneous measurements of time-varying 
film thickness at 4 positions around the circumference).   
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6.5   Summary of conclusions  
 
This chapter reports on visualisation on the development of churn flow, the churn to annular flow 
transition, with particular interested in the droplet entrainment mechanisms and finally on the 
development of the disturbance waves in annular flow. The following main conclusions are drawn: 
(1) In churn flow, there is a continuous gas core surrounded by a highly disturbed liquid film.   
(2) The current work provided visual conformation of the drop entrainment mechanisms proposed by 
Azzopardi (1983) (namely bag breakup and ligament breakup). 
(3) In contrast to Azzopardi’s finding, both bag break up and ligament break up mechanisms were 
observed to occur simultaneously.  
(4) Using the axial view photography technique, it was possible to examine the processes of formation 
of disturbance waves. At very low liquid flow rates, the “ripple region” prevailed there were no 
characteristic disturbance waves. When the liquid flow was increased large waves were initiate 
(possibly associated with local bursts of turbulence) at given locations. As was shown in Chapter 4, 
these bursts combine to form the characteristic ring-like disturbance waves.  
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CHAPTER 7 
 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
7.1 Conclusions 
 
The following main conclusions have been drawn from the present work: 
 
(1) On the basis of extensive measurements of time varying film thickness in annular flow using flush-
mounted centre-pin conductance probes supplemented by evidence obtained using axial view 
photography, new light was thrown on the formation and behaviour of disturbance waves (the most 
important feature of annular flow). At very low liquid flow rates, annular flow exists (i.e. there is a 
thin continuous ripple liquid film on the tube surface) but the characteristic disturbance waves (i.e. 
large amplitude waves travelling at velocities much greater than the film) are absent. The 
disturbance waves appear to be initiated at a critical liquid flow and are initially manifested by 
disturbances in the film which are localised at a random circumferential position. Such disturbances 
link up with other disturbances and the characteristic ring-like structure of disturbance waves is 
gradually formed. These observations are consistent with the postulate that disturbance waves are a 
manifestation of the occurrence of turbulence in the film.  
 
(2) In the disturbance wave region, the overall frequency content of the interfacial waves (as determined 
by using analysis of the film thickness versus time data using power spectral density analysis) 
decreases with increasing length in the first 20 pipe diameters as previously observed by Hall-Taylor 
and Nedderman (1969), but then seems to reach a plateau. 
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(3) Using axial view photography, it was possible to demonstrate that there was a continuous gas core 
in the churn flow regime. This regime is one in which large waves move upwards on the film 
interface; in between the waves, the film may reverse direction.  
 
(4) Extensive measurements were also made of pressure drop and holdup in churn flow. Here, a new 
method for measuring holdup (namely pneumatically operated pinch valves) was employed. The 
results were generally consistent with the limited previous high liquid mass flux data (Govan, 1990) 
but the new data at low mass flux show some anomalies and these should be further investigated.  
 
(5) For calculations on annular flow, it is often important to know the fraction of liquid entrained at the 
start of annular flow. This necessitates a model for entrainment in churn flow. In collaboration with 
fellow PhD students Dr. Masroor Ahmad and Dr. Jr-Peng Deng, the data of Barbosa et al (2002) on 
entrained fraction in the churn flow regime were correlated to produce a new relationship for 
entrainment rate in churn flow; the entrainment rate is enhanced considerably above that expected 
for annular flow.  
 
(6) Axial view photography studies were carried out on the mechanism of drop formation in churn and 
annular flow. Droplet formation via bag breakup and ligament breakup of the liquid film were 
observed as was reported by Azzopardi (1983). However, in contrast to Azzopardi (1983)’s finding, 
both bag break up and ligament break up mechanisms were observed to occur simultaneously 
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7.2  Recommendations 
 
Although this thesis presents extensive new data, it is clear that studies in this area should continue! 
Specific recommendations for future work are as follows: 
 
(1) The experiments described here were all done with air/water flows at low pressure. The influence of 
gas and liquid physical properties should clearly be explored. Gas density can be changed by 
changing the pressure of the air used or by using a higher density gas. Liquid properties (surface 
tension, viscosity and density) can be changed by using other liquids.  
 
(2) The experiments described here were done for round tubes of a fixed diameter (34.5mm). Tube 
diameter is clearly of importance and should be investigated but equally important are more 
complex geometries such as annuli and rod bundles. There is no shortage of geometrical options! 
Perhaps the most interesting immediate option would be to examine the case of larger tube 
diameters. Would disturbance waves retain their circumferential coherence in such large tubes?  
 
(3) Using micro-PIV techniques, it may be possible to determine the development of turbulent 
structures within the waves. 
 
(4) In addition to these possible lines of further experimental investigation, the possibility of numerical 
modelling of disturbance wave initiation and development should also be borne in mind (though it 
has not so far been within the compass of feasible numerical calculations). 
 
(5) Some work was done in the present study on the use of directional shear stress measurement but this 
was not brought to final fruition. The availability of such a technique would be invaluable in 
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studying churn flow where the flow (and hence the shear) can reverse. The use of directional shear 
stress probes would allow detailed exploration of this aspect of churn flow and would allow the 
proper examination of the anomalies discussed in Chapter 5.  
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